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Initially, various solvents were tested for their 
efficacy in isolating soluble nitrogen (SN) from annual 
ryegrass and berseem clover. Plant nitrogen (PN) 
solubilities were similar in .5 M NaCl, autoclaved rumen 
fluid, borate phosphate buffer and Burroughs' solution.
The mean PN solubilities across forages ranged from 12% for 
.1 M acetic acid to 45% for .2% NaOH. At 4° C, 15% TCA 
precipitated the most soluble plant protein nitrogen 
(SPPN).
Nitrogen (N) yield, concentrations of PN, SN, SPPN and 
soluble nonprotein nitrogen (SNPN) increased linearly as N 
fertilization (NF) increased from 0 to 335 kg N/ha. 
Decreasing defoliation interval (DI) from 6- to 2-wk 
decreased PN yield, and linearly increased concentrations 
PN, SN, SPPN and SNPN. However, NF and DI did not affect 
the proportions of SN, SPPN and SNPN in PN pools and the 
ruminal degradabilities of PN and dry matter (DM) as 
measured in nylon bags. Solubilities of PN and ruminal 
degradabilities of PN and DM declined with advancing 
growing season.
A lamb metabolism study was conducted to determine the 
ruminal degradability and metabolic usage of ryegrass N as 
affected by NF (0 or 224 kg N/ha) and DI (2~ or 6-wk). 
Abomasal flows of total N and NH3 N were higher and 
abomasal flow of ADF_N was lower in growing lambs fed
xiii
fertilized vs unfertilized ryegrass. Similarly, abomasal 
flows of total N and NH3 N were higher in the lambs fed 2- 
wk vs 6-wk regrowth ryegrass. Abomasal flow of microbial N 
was not affected by treatments. However, abomasal non- 
microbial N flow tended to be higher in lambs fed 
fertilized vs unfertilized or 2-wk vs 6-wk regrowth 
ryegrass. Ruminal and total tract digestibilities of DM, 
and NDF and ADF were higher for fertilized than for 
unfertilized ryegrass. When compared to lambs fed 
unfertilized ryegrass, those fed fertilized ryegrass had 
higher BUN (21.4 vs 13.3 mg/dl) and rumen NH3 N (21.4 vs 
13.4 mg/dl), and tended to have higher ruminal free amino 
acids and pH, and retained more N. Lambs fed 2-wk DI 




The intervention of the ruminal microorganisms 
confounds the accurate estimation of the supply of dietary 
a-amino N to the intestines of ruminants. For years, 
considerable effort has been devoted to developing a 
protein feeding system which expresses dietary protein 
supply and the animals’ needs in a same and (or) consistent 
unit. Recently, the introduction of absorbed protein has 
gained acceptance among ruminant nutritionists, because the 
new system accounts for both dietary protein escaping rumen 
degradation and microbial protein synthesized in the rumen. 
Various techniques, including in vivo, in vitro and in situ 
methods have been used to determine the ruminal 
degradability of dietary protein.
The extent of ruminal degradation of dietary proteins 
depends on their extensive interaction with microbial 
proteases. This enzymic interaction is enhanced by protein 
solubility. However, protein solubility depends on both 
the structural and chemical properties of proteins, as well 
as their accessibility to the medium environment. Hence, 
solubility is an important, but not overriding factor, 
affecting the accessibility and sensitivity of proteins to 
ruminal enzyme attack.
Nitrogen in pasture forages can be described in terms 
of two functional pools in the plant. One is the 
metabolically active and labile metabolites, such as
1
enzymes and lectins, which vary little in composition of 
protein between plant species. The other is non-labile, 
structural components of the membrane, such as gluteiin and 
extensin. The partitioning of plant N between these two 
pools can be affected by application of N fertilizer and by 
altering the maturity of plants.
With respect to plant N components, the degradability 
of forage protein is mainly determined by physical 
accessibility of plant proteins to microbial proteases.
The purpose of the first phase of this study was to 
determine the variation in distribution of plant N among 
various N pools in ryegrass, as affected by N fertilization 
and plant maturity. Also, the effect of defoliation 
interval (DI) on distribution of N components in berseem 
clover was evaluated. The amount of plant N degraded 
rapidly in the rumen after ingestion was estimated by 
ruminally incubating plant material in nylon bags. In the 
second phase, the metabolic usage of annual ryegrass N 
harvested within 2- and 6-wk regrowth both with and without 
N fertilization was estimated in a metabolism trial using 
cannulated growing lambs.
LITERATURE REVIEW 
Expressing Protein Requirements of Ruminants
In any applied feeding standard, the actual nutrient 
requirement of the animal and the nutrient as measured in 
the feed must be expressed in the same and (or) in 
exchangeable units. This is the primary advantage of the 
crude protein (CP) system (NRC, 1945a; 1945b; 1945c). 
Although CP, that is, total feed N multiplied by 6.25, 
oversimplifies the very complex nitrogenous components of 
feeds, the CP system has been the cornerstone by which the 
protein requirements of animals were expressed and dietary 
N components were evaluated. Due to the variation in 
protein availability of feeds, Mitchell (1924) developed 
the concept of utilizable protein. Since that time, the 
concept of digestible CP (DCP) has gained acceptance. The 
available protein and the protein equivalent (ARC, 1965) 
systems were developed to standardize the nutritional value 
of feed N and to justify the nutritional value of 
nonprotein N (NPN) when using DCP systems. Both the CP and 
DCP systems are satisfactory for well balanced diets for 
animals at moderate levels of production.
Genetic selection has led to rapid improvement in the 
production potential of dairy cattle (Powell and Norman,
1984) . With increases in the knowledge of N metabolism by 
rumen microorganism (Smith, 1979; Russell and Hespell,
1981) and postrumen amino acids (AA) supply for animal
3
production (Jacobson et al., 1970; Burroughs et al., 1975; 
Kaufmann and Lupping, 1982; Miller, 1982; Rohr et al.,
1986), the limitations of the CP and DCP systems in 
describing the protein requirement of dairy cattle have 
become apparent (NRC, 1985; 1989; Sampath, 1988). Clark 
and Davis (1980) recommended that diets for high-producing 
dairy cows in early lactation contain natural CP of low 
solubility. When lactating cows were challenged with 
bovine somatotropin, a ration containing a higher 
proportion of ruminal escape protein (undegraded protein) 
became even more critical in increasing milk production 
(McGuffey et al., 1990).
Estimating the supply of AA for meeting the 
requirement of ruminant tissue metabolism depends upon 
integration of CP intake, the extent of degradation of 
dietary protein and the rate of microbial protein synthesis 
in the rumen. Twigge and Van Gils (1984) stated that the 
extent of actual ruminal protein degradation will be 
influenced directly by the protein's potential 
degradability and diet composition and indirectly via 
dietary effects on rumen dilution rate. The inadequacy of 
the protein supplied from rumen microbial synthesis alone 
has been demonstrated in high-producing dairy cattle 
(Burroughs et al., 1975; Stobbs et al., 1977; Lees and 
Garnsworthy; 1983; Penning and Treacher, 1983; Dawson et 
al., 1988). Johnson et al. (1942) demonstrated that the CP
system overestimated the nutritional value of NPN. This 
was apparent when NPN did not further improve N retention 
when added to a ration containing 12% CP on the DM basis, 
and addition of true protein to those same rations did 
increase N retention.
Nitrogen retention of growing wethers was higher when 
casein was infused abomasally than when it was fed (Little 
and Mitchell, 1967). Growth rate (Amos, 1986) and feed 
efficiency (Swartz et al., 1991) have been improved in 
growing cattle fed diets containing high (above 35% of 
total protein) percentages of ruminal escape protein. 
Feeding excess degradable CP elevated plasma urea N 
concentration and decreased first service conception rate 
of high producing cows (Blanchard et al., 1990; Canfield et 
al., 1990). Hence, improper protein nutrition not only 
imposes a negative economic impact (Julien et al., 1977), 
but also decreases animal productivity (Wohlt and Clark, 
1978;) and reproductivity (Ferguson and Chalupa, 1989).
Chalupa (1975) proposed to separate dietary CP into 
ruminally degraded CP and escape CP. The fundamental 
principle underlying this concept is that the CP 
requirement of the ruminant considers the N needs of the 
rumen microorganisms, as well as the AA requirements of the 
host animal. Burroughs et al. (1975) developed the 
metabolizable protein system, which was based on AA 
absorption in intestinal tract, that is, absorbed protein
(NRC, 1989). The ruminal degradability of dietary CP in 
the CP system and absorbed NH3 in the DCP system, can both 
be estimated in this system.
Rohr (1987) summarized the model by which German 
ruminant scientists have replaced the DCP system. The 
amount of true protein required in the intestine is 
determined by starting with the animal's tissue 
requirements and then taking into account the absorbability 
and the efficiency of utilization of AA. The CP needed at 
the intestinal level is then contrasted with the amount of 
CP actually reaching the small intestine. If the amount of 
protein appearing in duodenal digesta falls short of the 
animal's requirements, escape protein is increased by 
including feedstuffs with greater portions of undegraded 
protein.
Actual postruminal AA availability is difficult to 
predict because of variable microbial growth, ruminal 
degradability of dietary protein and intestinal absorption 
of AA. Various methods exist to estimate feed CP 
degradation in the rumen. There has been extensive 
research activity aimed at testing assay methods and 
characterizing feed proteins. Current methodology lacks 
adequate sophistication to accurately separate and quantify 
the degradable CP of most feeds. The proposed methods of 
assessing the rate and extent of ruminal degradation of 
dietary CP sources include in vivo, in situ (nylon bag) and
in vitro techniques. However, the methods for evaluating 
the actual nutritive value of dietary CP remain less than 
satisfactory. Compared with in vivo methods, N solubility, 
nylon bag methods and in vitro assays show similar 
abilities to rank dietary CP degradability (Poos-Floyd et 
al., 1985; Siddons et al., 1985). However, these 
methodologies can not provide true estimates (as can in 
vivo methods) of protein degradation (Satter, 1986; Janick 
and Stallings, 1988).
Estimating Dietary Protein Degradability in Vitro
Solubility of dietary nitrogen
The N in feeds consists mainly of NPN, true protein, 
and conjugate protein which is linked to lipid and (or) 
carbohydrates. Of the free AA and peptides recovered as 
NPN, neither contribute appreciably to the nonammonia N 
(NAN) leaving the rumen, because of the rapid proteolytic 
and deaminative enzymes in the rumen (Mangan, 1972; Chen et 
al., 1987). Also, because the amount of conjugate protein 
is negligible (Mangan, 1982), the solubility of true 
protein in feeds can be used to interpret animal 
performance responses.
The solubility of dietary CP mainly depends on its 
physical location in plant tissues, chemical composition, 
molecular weight and structural properties. Of these 
factors, physical location in plant tissues (Muscato et 
al., 1983) and secondary and tertiary structures (Mahadevan
et al., 1980) have the significant effects on the 
accessibility of proteins to microbial proteases (NRC,
1985; Chen et al., 1987). Dietary CP can be characterized 
according to its solubility in various solvents (Osborne, 
1924). The original concept of classifying plant proteins 
included N partitioning into solvents rather than chemical 
purification. Solubility of dietary CP in various 
solutions can be affected by degree of agitation, particle 
size of feeds, solution temperature, pH, ionic strength and 
C02 tension of the solvents (Crooker et al., 1978; Waldo 
and Goering, 1979). Solvents differing in chemical and 
physical properties often yield different solubility values 
for the same feed (Smith et al., 1959; Waldo and Goering, 
1979; Krishnamoorthy et al., 1982).
Numerous studies have been conducted to standardize 
solubility assays. Autoclaved rumen fluid has often been 
compared with inorganic salt solutions (Crawford et al., 
1978; Crooker et al., 1978). Blethen et al. (1990) found a 
significant correlation between N solubility in 10% 
Burrough's mineral mixture (BMM) and N disappearance from 
ruminally incubated nylon bags. A similar result was 
observed by Alvir et al. (1987) using McDougall's buffer.
Plant cytoplasmic proteins are often not extracted by 
solvents because the protein is inaccessible, being 
enclosed in a membrane, or complexed with a macromolecule. 
Dilute NaOH (.2%) has been reported to extract more plant N
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at room temperature when compared to buffer and salt 
solutions (Siddons et al., 1985). This is presumably 
because it disrupts the cell wall and stabilizes the 
protein in solution (Klimenko, 1950). A high correlation 
was observed between solubility of dietary N in .2% NaOH 
solution and the rate of the NH3 production after 4 h of in 
vitro incubation for natural feed ingredients (Little et 
al., 1963). Siddons et al. (1985) also found that N 
solubility in dilute NaOH had similar abilities to rank the 
feeds as NH3 or NH3 + AA production. However, only N 
solubility in dilute NaOH gave estimates comparable to 
those derived from duodenal N flow measurements (Siddons et 
al., 1985).
The solubility of dietary CP is assumed to be highly 
related to its degradability (Henderickx and Martin, 1963; 
Broderick, 1975; Crooker et al., 1978). Nugent and Mangan 
(1981) found that soluble CP becomes rapidly associated 
with bacterial cells and, thus, is rapidly degraded. 
Significant correlations between N solubility in mineral 
solutions and N disappearance from nylon bags incubated in 
the rumen have been obtained by Blethen et al. (1990).
Alvir et al. (1987) grouped feeds into protein concentrates 
and cereals. In each group, the correlation coefficient 
between N solubility in McDougall's buffer and the rate of 
CP disappearance from nylon bags (incubated for 6 h) were 
0.99 and 0.999 for protein concentrates and cereals,
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respectively. Other studies have indicated that the N 
solubility of feed treated by heat (Grummer and Clark,
1982; Lynch et al., 1987) and formaldehyde (Spears et al.,
1985) was closely correlated with protein degradability and 
production of rumen NH3 (Beever et al., 1976; Laycock and 
Miller, 1981; Leonard and Block, 1988). However, Mahadevan 
et al. (1980), Kaufmann and Lupping (1982), Stern and 
Satter (1984) have indicated that secondary and tertiary 
structures of proteins are important factors determined 
their degradability. This finding was demonstrated by 
Wallace (1983) who modified natural protein by introducing 
cross-links to decrease its breakdown by rumen bacteria. 
Incubation with commercial proteases
Because of the combined action of many species of 
ruminal microorganism, the hydrolytic capacity of the rumen 
is maximized (Blackburn, 1968). The use of commercial 
proteolytic enzymes in determining CP degradability has 
been employed mainly because of the simplicity of 
interpreting the results. Kopecny and Wallace (1982) 
indicated that the predominant proteolytic enzymes of mixed 
rumen bacteria are the cysteine proteases associated with 
the coat of capsular material. Mackie and White (1990) 
ranked proteolytic activity of mixed rumen bacteria based 
on inhibitor studies. The activity of the cysteine 
protease accounted for more than 50% of rumen microbial 
proteolytic activity. The activity of serine protease is
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less than 50% of that of the cysteine protease. The 
remaining rumen microbial proteolytic activity seems to be 
aspartic protease and metallo-protease.
Bacterial protease isolated from Streptomyces griseus 
was first used to predict the ruminal degradability of feed 
protein (Pichard and Van Soest, 1977). The broad 
specificity of this protease poorly ranked degradabilities 
of feed proteins from various sources (Broderick, 1982; 
Poos-Floyd et al., 1985). When the specificity of 
proteases derived from bacteria, fungi and plants were 
evaluated, Poos-Floyd et al. (1985) concluded that the 
plant protease, ficin, gave the highest correlation with CP 
degradability in vivo. Attempts have been made to simulate 
rumen proteolysis in vitro by standardizing protease 
concentrations to proteolytic activities similar to that of 
whole rumen fluid (Krishnamoorthy et al. 1983). The 
average rumen retention time of a given feed is chosen as 
the in vitro incubation time. The residual N at the end of 
incubation was considered equivalent to dietary N 
undegraded in the rumen. Unfortunately, the purified 
proteolytic enzymes may have had different specificities 
for test proteins than those of mixed rumen bacteria. The 
degradation rates of feed proteins obtained using the 
proceeding technique do not consistently rank feeds in the 
same order as degradabilities estimated in vivo 
(Chamberlain and Thomas, 1979).
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Metabolite release in vitro
Broderick and Craig (1989) and Williams and Cockburn 
(1991) observed that the degradation of casein to NH3 was 
limited either by clearance of extracellular peptides, 
intracellular AA or both. The saturation of rumen 
bacterial proteases with substrate gives rise to peptide 
accumulation in the rumen during the proteolysis of rapidly 
degraded proteins. In contrast, the degradation of bovine 
serum albumin is limited by the proteolytic steps preceding 
peptide formation (Williams and Cockburn, 1991). Hence, 
the rate of degradation of soluble proteins can still be 
limited at the same step of proteolysis because of the 
natural resistance of the protein’s tertiary structure to 
enzymatic degradation. Therefore, measurement of protein 
metabolites is perhaps a better indicator of protein 
degradability than protein solubility.
Amino acids released during ruminal proteolysis are 
mainly deaminated to NH3 (Blackburn, 1968). Williams and 
Cockburn (1991) observed that the correlation between 
ruminal NH3 N concentration and degradability of protein 
sources was 0.77. Measurements of the rate of NH3 
accumulation in vitro have been proposed for estimating 
ruminal feed protein degradability. The precision of the 
assay method has been improved by simultaneausly 
quantifying the release of both NH3 and AA (Broderick,
1978).
The uptake of N metabolites for growth of 
microorganism in the medium confounds the in vitro 
estimation of protein degradability, particularly for 
slowly degraded protein sources. Therefore, inclusion of 
metabolic uptake inhibitors and limitation of fermentable 
energy have been introduced into assay methods (Broderick, 
1978; 1987). Siddons et al. (1982) found that hydrazine 
sulphate limited microbial growth during 24 h in vitro
incubations. In contrast, less than 4 h in vitro
incubation times have been recommended by Broderick (1987), 
when chloramphenicol and hydrazine sulphate are used as 
inhibitors of microbial N metabolism. Alternatively, 
microbial incorporation of released NH3 was estimated by 
measurement of culture gas production, which was directly 
related to the energy available for protein synthesis (Raab 
et al., 1983). While the technigue precisely estimated the 
NH3 reincorporated into microbial protein, the technical 
complexity of the method has limited its practical 
application.
Proteolysis has long been assumed to be the rate 
limiting step in the ruminal degradation of dietary
protein, but recent findings indicated that peptide uptake
is the rate-limiting step, and that peptides rather than AA 
are the main end products of proteolysis (Chen et al.,
1987; Broderick and Craig, 1989; Williams and Cockburn,
1991). Higher ruminal concentrations of peptide-N were
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generally observed for those diets containing protein 
sources with the lowest degradability and solubility.
Quantifying Degradability of Dietary Nitrogen Components
with Nylon Bags
A more direct and accurate way of predicting feed 
protein degradability is the nylon bag (in situ) method. 
Since Quin et al. (1938) first discussed the feasibility of 
using a cylindrical bag made of a very thin natural silk 
for measuring the digestibility of feed in the rumen of 
cannulated sheep, the technique has been greatly improved 
by agronomists as a means of determining the nutritional 
quality of selected vegetation. During the last two 
decades, this technique has gained wide acceptance as a 
means of determining the rate and extent of degradation of 
feed N components (Lindberg, 1985; Nocek, 1988). However, 
two contentious assumptions are associated with this 
technique: 1). filterable (particle size < pore size) 
material is equivalent to degradable substance; 2). feed 
particles are subject to same degradative effects when they 
reside in bag as when free in the rumen. Broderick et al. 
(1988) postulated that in situ degradation of the protein 
associated with particulates would be slower than that for 
the proteins in the whole diet. Shifts in populations of 
microorganism between ruminal digesta and suspended bags 
was observed by Meyer and Mackie (1986) due to pore size of
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the bags and chemical composition of the animal diet and 
test ingredient.
The National Research Council (1985) systematically 
defined the in situ degradability of three (A, B, C) 
fractions of feed N in a static model. Each protein 
fraction is considered to have a differing benefit to the 
host animal and microorganisms. Fraction A (soluble) is 
readily available to rumen microbes and less valuable for 
animal metabolism. Fraction B (insoluble but degraded at 
varing rates) can be utilized by both rumen microbes and 
the host animal. Fraction C (less digestible) contributes 
little to metabolism in the rumen or absorption in the 
intestines. Pichard and Van Soest (1977) and Van Soest et 
al. (1982) further divided fraction B into bl, b2 and b3 
subfractions. The concept of partitioning feed N is 
analytically sound, but its application in estimating the 
actual metabolic value of feed N remains elusive.
When the ruminal particulate passage rate (4 to 6%/h) 
was estimated with a nonlinear model (Grovum and Williams, 
1973; Ellis et al., 1979) and the rate of feed CP 
degradation was estimated as N disappearing from nylon 
bags, it was shown that the effective rate of CP 
degradation could be predicted (Broderick, 1978; Kristensen 
et al,, 1983). Using this method, no single value for 
degradability of a given protein would be obtained because
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degradability would depend on the rate of passage unique to 
a given feeding condition.
Determination of Protein Degradability In Vivo
Comparison of nitrogen sources in animal feeding trials
Klopfenstein et al. (1982) proposed a protein
evaluation system that relates the nutritional value of a
particular protein source to soybean meal. They
standardized rations to contain 61% TDN and 11.5% CP.
Control diets contained 100% supplemental N as urea. The
test proteins were incrementally substituted for a urea
supplement up to a maximum of 60% N substitution. The
estimate of protein value was the slope of daily body
weight gain above the urea control. The relative value of
a particular protein was then compared to the protein value
of soybean meal. The NRC (1985) recognized the method as a
useful transition from the conventional CP system toward an
absorbed protein system. However, the relative value of a
protein in the Klopfenstein system is based on a static
model rather than a dynamic model (Van Soest et al., 1982).
Postruminal determination of diqesta nitrogen composition 
in cannulated animals
The development of cannulation techniques facilitated 
the study of digestive function within the gastro­
intestinal tract of ruminants (McGilliard, 1982). One 
limitation of the in vivo method is that its estimates of 
protein flow are indirect. Spot samples are usually
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collected and an indigestible marker, such as Cr, is used 
to compute digesta flow. Undegraded feed N in duodenal 
digesta is usually computed as the difference between total 
N flow and flow of bacterial N, which is also estimated 
with internal markers, such as RNA or DAPA (Czerkawski, 
1974; Amos et al., 1976; Dawson et al., 1988) and external 
markers, such as N or sulfur isotopes (Beever et al., 1974; 
Salter and Smith, 1977; Kennedy et al., 1984; Siddons et 
al., 1985; Dawson et al., 1988; King et al., 1990). The 
lack of truly reliable flow markers introduces the 
potential for considerable error in N flow estimates (NRC, 
1985; Ankrah et al, 1989). Additionally, neither 
endogenous N of animal origin nor protozoal N are directly 
estimated.
Comparison of diets differing only in test protein 
Stern and Satter (1982) proposed a regression 
technique to estimate dietary protein degradability. The 
assumptions were that microbial protein synthesis and 
animal endogenous contributions remain constant. If a 
series of iso-fermentable rations were formulated that 
differ only in the amount of a test protein, the increment 
in NAN flow to the small intestine, for each increment in 
test protein, intake can be used to estimate the proportion 
of test protein N escaping rumen degradation (Miller,
1973). Due to the incremental nature of adding protein 
above the requirement for maximum microbial growth, this
animals (Thompson and Riley, 1980). Beede et al. (1986) 
observed improved N retention in growing steers when 
monensin was added to low protein diets. Goodrich et al. 
(1984) indicated that monensin "spared" dietary protein 
from rumen degradation. In contrast, Beever et al. (1987) 
stated that using monensin to decrease proteolytic and 
deaminative activity in the rumen did not increase duodenal 
NAN supply. In general, the beneficial effects of 
ionophores on ruminal protein metabolism appear to result 
mainly from reduced ruminal proteolysis and deamination 
and, partially, from changes in microbial ecology (Bartle 
et al., 1988; Newbold et al., 1990)
Distribution and Composition of Plant Nitrogen
Thomsom (1982) summarized the factors that contributed 
to the variation in the N content of forages: a). forage 
species; b). the rate, frequency and timing of N fertilizer 
applications; c). cutting frequency in relation to the 
growth stage and maturity of the forage; and d). 
environmental and seasonal effects.
The N constituents in plants also can be divided into 
three groups as mentioned previously. The major 
constituent, frequently accounting for 75-85% of the total 
N, is true protein, which is mainly found in the cytoplasm, 
particularly in the chloroplasts (Hogan, 1982). 
Approximately half of all leaf proteins are directly 
associated with the photosynthetic system, in particular
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technique can only be used with feeds of high protein
content. Titgemeyer et al. (1989) determined the rumen
degradability and intestinal absorption of four protein 
sources by using a similar regression approach. Steers 
were fed a basal diet containing 80% of basal diet and 20% 
corn starch. Microbial protein synthesis should not have 
been limited by N in the basal diet. The treatment diets 
were formulated by replacing corn starch with test protein 
sources. Slopes for the amount of nonbacterial AA-N
absorbed, divided by slopes for total N absorbed, gave the
proportion of the total absorbable N accounted for by 
absorbable dietary AA N. The higher proportional values 
indicate less degradable dietary protein.
Effects of Ionophores on Dietary Protein Metabolism
in the Rumen
The proteolytic activity of the rumen changes when the 
microbial population is manipulated with dietary 
antibiotics (Chalupa, 1980). Since the beginning of 
routine use of ionophores, such as monensin, in ruminant 
diets, studies have been conducted to determine the effects 
of these ionophores on N metabolism (Faulkner et al., 1985; 
Funk et al., 1986). Poos et al. (1979) observed that 
monensin reduced microbial protein synthesis and increased 
the proportion of dietary protein escaping ruminal 
degradation. Also, monensin was observed to decrease rumen 
NH3 concentrations in steers when compared to control
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with the primary carboxylating enzymes (Wells et al.,
1986).
The true protein of growing plants may be considered 
to be a part of any of three fractions (Mangan, 1982). 
Fraction I, homogeneous protein of ribulose-1,5- 
bisphosphate (RuDP) carboxylase, comprises about 35% of 
total leaf protein. The RuDP carboxylase enzyme comprises 
a major portion of the soluble protein in fresh plants 
(Wells et al, 1986). The RuDP carboxylase enzyme has high 
concentrations of tyrosine, threonine, glutamic acid and 
proline, and lower levels of isoleucine, lysine and glycine 
(Merodio and Sabater, 1988). The AA composition of 
fraction I protein varies little across species of plants 
(Chibnall et al., 1963; Hartmann et al., 1967; Pisulewska 
et al., 1989; Pisulewska et al., 1991). Fraction II 
consists of the enzymes of both the chloroplasts and 
cytoplasm and comprises 25% of total leaf protein. The 
chloroplast membrane proteins, known as fraction III, are 
insoluble in water and comprise about 30% of total leaf 
protein. The remaining 10% of leaf protein resides in the 
nucleus (Lyttleton, 1973), the mitochondria (Kaiser and 
Brendle-Behnish, 1991) and the cell wall (Brady, 1976).
The major portion of conjugated protein in the leaf cell is 
associated with the lipid material in membrane structure.
The NPN of grass herbages consists of various low 
molecular weight peptides, free AA, nucleic acids,
alkaloids and inorganic N compounds (Hegarty and Peterson, 
1973). Of these, the free dicarboxylic AA and their amides 
(Bathurst, 1953) and nitrate (Ferguson and Terry, 1954) are 
the major components of forage NPN. Also, these two N 
components vary with rate of N fertilization (Goswami and 
Willcox, 1969a; Lexander et al., 1970; Reid, 1986). Both 
the NPN and fraction I protein are readily released from 
plant tissues and may be available to the rumen microflora 
in excessive amounts (Mangan et al., 1976).
Nutritional and Chemical Characteristics of Nitrogen 
Components in Pasture Forages
The nutritional and economic value of forages for 
ruminants was reviewed by Broster et al. (1981). For 
milking cows, up to half of feed DM may come from forages, 
which may supply more than one third of the dietary N. The 
reported nutritional value of forage protein varies widely. 
Demarquilly et al. (1978) reported that the truly 
digestible protein that escapes rumen degradation was 34% 
and 39% of CP in primary growth grass and alfalfa, 
respectively. Weston and Hogan (1973) stated that with 
forage-fed ruminants, AA supply is not likely to be the 
first limiting nutrient for growth and milk production.
This assertion was base on the fact that dairy cows did not 
respond to increased ruminal escape protein in their diet 
when they were fed formalin-treated silage (Webster et al., 
1982). It should be noted that available energy supply
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generally decreases with increasing forage intake.
However, Cowan et al. (1986) reported that milk production 
increased in grazing cows when the rate of N fertilization 
was increased from 150 to 600 kg N/ha. Other studies have 
shown increased productivity in high-producing ruminants 
grazing pasture forages when supplemented with protein 
(Stobbs et al., 1977; Penning and Treacher, 1979; Minson, 
1981; Barry et al., 1982; Anderson et al., 1988; Worrell et 
al., 1990). Abomasal infusion of casein and methionine 
markedly increased protein deposition in both wool and body 
tissue of sheep grazing ryegrass/clover pastures containing 
18.2% CP (Barry et al., 1982). Whether these responses 
relate to differences in ruminal protein degradability or 
to differences in AA composition of ruminal escape protein 
is not clear. It is generally recognized that protein is a 
limiting nutrient for grazing animals due to the high 
ruminal degradability (Anderson et al., 1988; Lindberg, 
1988; Ulyatt et al., 1988; Worrell et al., 1990) and low 
sulphur AA content (Horigome, 1977; Kaldy et al., 1978; 
Kaldy et al., 1979; Barry et al., 1982; Donnelly et al., 
1983; Hanczakowski and Skraba, 1988; Hanczakowski et al., 
1991) of forage protein. However, based on in vitro 
digestion results, Dennison and Phillips (1983) concluded 
that, for milk production, histidine and lysine, rather 
than sulphur AA were the AA most limiting in corn-forage 
diets.
The flow of protein into the small intestine and, more 
specifically, the disappearance of AA from the small 
intestine of grazing animals are often considerably less 
than the amount of dietary N ingested (MacRae and Ulyatt, 
1974; Lindberg and Lindgren, 1988; Ulyatt et al., 1988; Van 
Vuuren et al., 1991). Twenty-five to 40% of ingested plant 
CP failed to reach the small intestine as NAN when forages 
containing more than 20% CP on a DM basis were fed (Beever 
and Siddons, 1986; Beever et al., 1987; Ulyatt et al.,
1988) . Ulyatt et al. (1988) observed that net N loss in 
the rumen of grazing animals occurred when N exceed 25.5 g 
N/kg OM in forages. A high proportion of forage protein is 
degraded and absorbed from the rumen as NH3 due to the 
imbalance in the rumen between degraded N and digestible 
energy supply (Beever et al., 1986a; 1986b).
Weston and Hogan (1973) estimated the amount of forage 
N flow to small intestine as: g CP entering intestine/g CP 
intake = 0.33 g/g CP intake + 0 . 1 8  (g digestible OM (DOM) 
intake/g CP intake). Hogan and Weston (1981) made a 
further modification of this equation by the inclusion of 
additional data from forage diets as: CP (kg) entering 
intestine = 3 60 g/kg CP intake + 160 g CP/kg DOM intake +
6, assuming an addition of 6 g/day endogenous CP in the 
abomasum. This additional 6 g CP in the model is 
independent of the level of nutrient intake. However, this 
model may have limited accuracy in predicting forage N
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flow, because of variations in the chemical and physical 
property of herbages that will not fit a model defining 
protein degradability and microbial growth in fixed 
proportions.
Beever et al. (1986b) and Ulyatt et al. (1988) used 
similar equations to estimate dietary N flow into the 
intestine: 'Y=1.5074 - 0.01854 X' (Beever et al., 1986b)
and 'Y = 1.4304 - 0.01691 X" (Ulyatt et al., 1988). Where 
Y = g NAN flow/g N intake and X = concentration of plant N 
in the OM (g/kg). When the N content of the OM exceeds 
27.4 or 25.5 g/kg, duodenal NAN flow would be less than 
dietary N intake. A significant proportion of dietary N 
intake was predicted not to reach the small intestine as 
NAN. With high N forages, especially white clover, both 
equations gave unusually low duodenal NAN flows, 
approaching only 60% of dietary N intake.
Van Vuuren et al (1991) proposed a dynamic formula to 
predict the flow of digestible rumen escape plant CP as: 
amount of absorbable plant origin CP = (Kp/(Kd+Kp))*D*CP. 
This formula estimated the amount of digestible CP of plant 
origin escaping rumen fermentation base on in situ data, 
where Kp = rate of particulate passage, Kd = rate of CP 
degradability and D = insoluble but potentially degradable 
CP fraction. Based on this formula, an additional 19 g 
digestible escape CP will be absorbed by grazing animals 
for each increase of 100 g in dietary CP intake.
Van Vuuren et al. (1991) also observed that the 
rapidly degradable fraction, the potentially degradable 
fraction, and the degradation rate of CP increased for 
regrowth herbages during the first three weeks, and then 
declined between weeks 4 and 8 post-cutting. Decreases in 
the rate of CP degradation with maturation are believed to 
result from the physical barrier of the plant cell walls 
and increases in the proportion of CP bound to cell walls 
(Mangan, 1982; Sanderson and Wedin 1989b; Waghorn et al.,
1989) .
Effect of Defoliation Regime on Growth and Chemical 
Composition of Pasture Herbages
Harris (1978) defined defoliation (cutting) in terms 
of three parameters; 1). intensity; 2). frequency; and 3). 
timing or growth stage. Pasture defoliation schemes can be 
described as being either continuous, such as grazing, or 
intermittent (Reid et al., 1988). The intermittent 
defoliation of growing plants can be accomplished by either 
mechanical cutting or rotational grazing (Wallace, 1990). 
The relative merits of the two defoliation systems have 
been discussed by Compbell (1961) and Campling (1975). 
Several factors confound the practical application of these 
defoliation objectives: nutritional factors, control of 
reproductive growth of the plant, supplying grazing animals 
with adequate herbage to meet their requirements, and 
maintaining desirable botanical composition of pasture. In
fact, these management objectives are more likely to be 
realized if the pasture has a longer linear growth phase. 
When herbages are grazed or cut at a vegetative growth 
stage, the rate and form of regrowth depend on: 1). whether 
or not the apical meristem exists; 2). carbohydrate 
reserves; 3). the potential rates of photosynthesis of the 
remaining canopy; 4). root mass and activity; and 5). 
environmental factors, such as soil fertility and 
temperature (Pearson and Ison, 1987).
Effect of defoliation on plant nitrogen metabolism
Internal N reserves and external N supplies are two 
sources of N for the regrowth of young vegetative tissues 
of herbages after defoliation. Frequent defoliation of 
plants, either by cutting or grazing, can decrease the 
availability of N for plant growth, both by reducing the 
amount of N in the recycling pool from senescent leaves, 
and by reducing the growth of roots and uptake of inorganic 
soil N (Ennik and Hofman, 1983). Qurry et al. (1988) 
clipped two-month-old ryegrass 4 cm above the root system 
and studied N metabolism within the regrowth plant.
Ryegrass regrowth involves two time periods of differing 
physiological significance. During the first 6 days, 
nearly all the N of the new leaves comes from organic N 
mobilized from plant reserves. After the sixth day, 
assimilation of inorganic mineral N from the soil provides 
the predominant source of N for growth. Lefevre et al.
(1991) concluded that the regrowth ability of perennial 
ryegrass, in terms of developing new canopy after 
defoliation, is highly dependent on remobilization of 
organic N from remaining organ reserves and subseguent N 
translocation. Poor responses to N fertilization may occur 
due to reduced plant growth and N uptake in pasture 
defoliated too frequently (Willms, 1991). Conversely, 
Bartholomew and Chestnutt (1977) observed that more 
frequent defoliation improved uptake of applied N than did 
less frequent defoliation, because young leaves during 
regrowth possess high photosynthetic capacity (Parsons et 
al., 1988). Plant N content increased from day 3 to about 
day 12 of regrowth and then decreased afterwards (Wilman 
and Wright, 1978b).
Dry matter and digestible dry matter yield
Maximum average growth rate of pasture forage can be 
maintained by both frequent-lenient and severe-infrequent 
defoliation regimes (Parsons et al., 1988). The latter 
management regime has been preferred with regard to herbage 
yield. This is because the new leaves which appear in the 
upper canopy intercept more light, giving rise to an 
increased rate of growth (Parsons et al., 1988; King et 
al., 1988). However, Romero et al (1987) found that DM 
yield increased at longer regrowth intervals when forage 
legumes were defoliated within a 3 to 5 wk interval. The 
ratio of leaf to stem and the digestibility of the forage
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decreased with increasing maturity. For optimum DM yield 
and utilization of forage, the interval between cuts should 
not exceed 5 wks for perennial ryegrass and clover pastures 
(Reid, 1986).
As cereal plants grow from vegetative development 
through the inflorescence, increases in DM yield are 
accompanied by decreases in forage CP and in vitro 
digestibility (Cherney and Marten, 1982; Helsel and Thomas, 
1987; Walker et al., 1990). In general, less frequent 
cutting reduces the digestibility of harvested herbage but, 
because it increases herbage yield, usually increases the 
annual yield of digestible DM (Reid, 1978; Monson and 
Burton, 1982; Forwood et al., 1988). When regular clipping 
was used to simulate some of the effects of grazing 
(Bartholomew and Chestnutt, 1977), maximum DM yield was 
produced with a 75-d DI, and the highest yield of 
digestible DM was achieved with a 45-d DI (Wilman, 1975a; 
Motazedian and Sharrow, 1990). Reductions in plant growth 
with more frequent and intense defoliation may be wholly or 
partially compensated for by improved forage quality. 
Defoliation interrupts the process of tiller maturation, 
which leads to the decline in digestibility (Illius, 1985). 
Terry and Tilley (1964) indicated that whole-plant material 
from cool season, perennial grasses, at early stages of 
growth, are highly digestible. However, during stem
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elongation and flowering, reductions in the digestibility 
of stem tissue was more rapid than that of leaf tissue. 
Plant nitrogen content and yield
Nitrogen content of winter cereal pasture decreases 
linearly with maturity during primary growth (Muldoon,
1986; Helsel and Thomas, 1987). However, a 6-wk DI has 
maintained N content and quality of the forage at 
satisfactory levels. During a 6-wk regrowth period, N 
concentration in ryegrass peaked during the first wk, and 
then decreased gradually from 5.8 to 2.6% on a DM basis 
(Wilman and Pearse, 1984). Lowe and Dowdier (1988) 
observed similar responses when cutting ryegrass and oats 
at 2-, 3-, 4- and 6-wk intervals. Decreases in the N 
concentrations of growing herbages result from either an 
increase in the proportion of stem (Lyttleton, 1973) or 
from the dilution of total plant N pool (Lindgren and 
Lindberg, 1988). Greenwood and Barnes (1978) stated that a 
decline in the protein content of plants during growth 
results from a greater proportion of the photosynthate pool 
being devoted to structural support in older plants.
Reid (1978; 1986) compared three defoliation schemes 
which included: 1). three cuts per season at the early ear 
emergence stage of the ryegrass; 2). five cuts per season 
before ear emergence; 3). ten cuts per season at the short 
leafy stage of growth. Nitrogen content of herbages 
increased as DI decreased. However, the maximum yield of
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plant N occurred at five cuts per season before ear 
emergence. This observation is in agreement with findings 
by Willms and Beauchemin (1991) with rough fescue and Parry 
oats. Butler (1987) studied the effects of weekly 
defoliation on growth and N fixation by ryegrass and 
ryegrass plus medic. Weekly clippings increased the N 
concentration and total N yield of ryegrass even though DM 
yield decreased. The increased N content of new shoots may 
be associated with an increased rate of photosynthesis per 
unit area of leaf, as well as with an increased supply of 
raw materials for protein metabolism (Wilman and Pearse, 
1984) . Total N yield in perennial ryegrass pasture 
increased with decreased DI when pastures were heavily 
fertilized (Bartholomew and Chestnutt, 1977). However, an 
increase in defoliation frequency from 3 to 6 times per 
season enhanced the N yield from unfertilized ryegrass 
pasture (McEwen et al., 1989).
Usually, an increase in the ratio of N03" N to total N 
is observed with increasing DI due to higher N03‘ N content 
and dilution of plant N with polysaccharide in herbages 
with a longer period of regrowth (Wilman and Wright, 1986). 
Young leaf blades had less N03‘ N and more total N than 
older blades (Wilman and Wright, 1978b). Wilman and Wright 
(1986) concluded that N03‘ N concentration of fertilized 
grass seemed to depend mainly on the amount of N applied 
divided by the number of days between the date of
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application and the date of harvests. With regard to the 
N03* N concentration of herbage, the optimum duration of 
regrowth can be decided based on the amount of N applied 
per day of regrowth.
Plant nitrogen components
Lindgren et al. (1980) and Lindberg and Lindgren 
(1988) observed that the proportions of NDF-bound N and 
ADF-bound N in timothy changed with advancing maturity. 
There was a tendency for the NDF-bound N proportion to 
decrease and the ADF-bound N proportion to increase as the 
forage became mature. An opposite trend was observed in 
legumes and grasses by Sanderson (1988). Immature herbages 
contained a high proportion of total N and a low proportion 
of NDF-bound N. Less than 20% of total N was NDF-bound and 
less than 13% of total N in both legumes and grasses was 
usable NDF-bound N, when the herbages were maintained at 
less than a 2-wk period of regrowth in the spring. Legumes 
had twice the ADF-bound N of grasses (Sanderson, 1988; 
Sanderson and Wedin, 1989b).
Even though maturity affected the partitioning of 
plant protein between the cell wall and the cell contents 
(Sanderson and Wedin, 1989b) and the N solubility in buffer 
solution (Aii and Stobbs, 1980; Lindberg and Lindgren,
1988), in vitro protein digestibility changed little with 
advancing maturity of forage (Hafley et al., 1987). The 
biological value of the protein extracted from pasture
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plants was not affected by growing season and maturity of 
herbages when the leaf protein was fed to rats (Donnelly et 
al., 1983). Also, the AA composition in either peptide or 
protein fractions changed little with increasing maturity 
of forages (Chibnall et al., 1963; Stahmann, 1968; Goswami 
and Willcox, 1969b).
For alfalfa, each 2-wk increase in the regrowth period 
decreased CP by 5% and total AA by 3%. With the exception 
of methionine and cysteine, other essential and 
nonessential AA decreased with advancing maturity of 
alfalfa. In terms of CP intake, animals fed early-cut 
alfalfa absorbed three times more AA per gram of protein 
consumed than did animals on medium-cut alfalfa (Sniffen 
and Jacobson, 1975). Silva et al. (1972) observed that N 
retention of sheep was significantly lower when fed medium- 
cut than when fed early-cut ryegrass hay. An increase in 
the stage of growth of ryegrass significantly depressed the 
relative amounts of phenylalanine, lysine, serine, 
histidine, aspartic acid and tyrosine entering the small 
intestine, and increased the amount of tryptophan, 
threonine, isoleucine and leucine (Silva et al., 1972). 
Phipps and McAllan (1984) reported that as a proportion of 
the total N, lysine and arginine levels decreased while 
leucine, glutamic acid and proline levels increased with 
increasing plant maturity of forage corn. However, the 
levels of lysine and methionine plus cysteine in peas
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generally increased with plant maturation (Aman and Graham,
1987). Ravindran and Ravindran (1988) reported that, as 
the leaves of cassava matured, the content of most AA 
tended to decrease. Only glutamic acid, proline and 
glycine contents increased, while those of valine and 
phenylalanine were not affected.
Effect of Nitrogen Fertilizer on Production and Chemical 
Composition of Pasture Forages
In intensively managed systems, when high rates of N
fertilization have been used to maximize herbage
production, decreasing returns in DM yield are obtained as
greater amounts of N are applied, as the maximum DM yield
is approached. When it is applied in an inorganic form,
the efficiency of using N fertilizer may range from 40 to
80%, and commonly be above 60% on well-managed irrigated
pastures (Pearson and Ison, 1987). Nitrogen fertilization
may, under certain conditions, reduce pasture quality by
inducing toxic levels of nitrate, oxalate and alkaloids
(Hegarty, 1982) .
Uptake of fertilized nitrogen
The uptake of applied N depends on the N fertilizer
type, the soil type, the climate, the method of fertilizer
placement or method of incorporation, the herbage species,
and the age and stage of plant development. Most plants
can utilize both NH4+ N and N03' N as a N source, and may
show superior productivity with mixtures of NH4+ N and N03'
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N fertilizers (Lewis et al., 1986). However, grasses seem 
to prefer NH4+ N to N03' N, when both of the N forms are in 
equal availability (Bloom and Chapin, 1981; Watson, 1986; 
Macduff and Jackson, 1991).
Due to mineralization and nitrification, N03' is the 
primary available form of N in the soil regardless of the 
applied N source (Maynard et al., 1976). Therefore, 
absorption of N by plant roots is assumed to occur largely 
in the form of N03' (Nielen and Jensen, 1986; Jarvis and 
Macduff, 1989; Lefevre et al., 1991). However, at low soil 
temperatures, grasses, not only absorbed less N as N03‘, 
but also translocated a lower percentage of the total N 
taken up to the shoots when compared to NH4+ N. When soil 
temperature is below 14° C, uptake of NH4+ N is more rapid 
than that of N03' N (Clarkson and Warner, 1979). Also, a 
limited soluble carbohydrate pool in plants may shift the 
pattern of N ion preference (Minchin and Pate, 1973). 
Theoretically, energy expenditure for assimilation of NH4+
N will be lower than that for assimilation of N03‘ N during 
protein synthesis. Macduff and Jackson (1991) speculated 
that uptake and assimilation of NH4+ N is preferred on an 
energetic basis when both shoot demand for nutrients per 
unit root is high and the flux of carbon which is available 
for NH4+ assimilation from the shoot per unit root is also 
high.
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The mechanism of uptake of inorganic N is through mass 
flow, the movement with water brought about by a gradient 
in water potential and diffusion. When 15N labelled NH4+ N 
and NOj" N were used to determine the N uptake of ryegrass, 
Catherine (1986) found that the amount of 15N transported 
to the shoots was significantly greater from NH4+ N than 
from N03' N, particularly at low soil temperatures. The 
activity of glutamine synthetase and glutamate synthase in 
assimilating NH4+ N was high in chilled roots (Aljochina et 
al., 1981). Also the translocation of absorbed N to the 
shoots was low, particularly at low soil temperature 
(Catherine, 1986).
Swift et al. (1988) compared N fertilizers for spring 
and summer perennial pasture grass production. Ammonium 
nitrate, urea and aqueous ammonia were used at rate of 360 
kg N/ha. Herbage N content was generally highest with 
aqueous ammonia in spring and summer but it was lowest in 
late summer and fall. Urea produced an average of 7% less 
DM in the spring, and 12% less in the early dry fall than 
ammonium nitrate. Lower DM production was associated with 
reduced uptake of N. Adams (1986) also suggested that 
lower recovery of N was closely related to lower production 
and N content of herbages.
Dry matter and digestible dry matter production
Grass pasture yielded 40% more DM when N-fertilized 
than when grown with clover (Mansfield et al 1990), due to
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insufficient available N supply from the soil. In 
perennial grasses, regardless of the level of soil N, DM 
yield increased linearly with N fertilization up to 300 kg 
N/ha (Morrison et al., 1980). After the initial linear 
growth phase, the response diminished until a maximum yield 
was achieved. Attempts have been made to define an 
economically optimum rate of N application. Reid (1970) 
estimated that a response of at least 5.7 kg DM per kg N 
would be needed to be cost-effective in the United Kingdom. 
Prins et al. (1980) proposed 7.5 kg DM per kg N for the 
Netherlands. Morrison et al. (1980) chose an arbitrary 
value of 10 kg DM per kg N. The value selected was the 
point at which the response of grass growth to N 
fertilization began to decline markedly and where yield was 
90% of the maximum. Actually, only 60% of the N fertilizer 
that was needed for maximum DM yield was required to 
achieve the optimum response.
Goodchild et al. (1982) applied 50 kg N/ha per month 
to ryegrass pasture during fall and winter growth seasons 
and increased DM output of the pastures up to 4 fold. The 
application of N fertilizer to ryegrass increased leaf 
extension rate and weight of new leaf per tiller per day 
(Pearse and Wilman, 1984). Application of 33 kg N/ha vs no 
N fertilizer nearly doubled growth rate of new shoots. 
However, the application of 66 kg N/ha compared with no 
fertilization approximately tripled net increases in blade
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length and blade weight of ryegrass. Application of N 
fertilizer generally increases digestibility of forages 
(Wilman and Wright, 1978a). In vitro DM digestibility and 
digestible DM yield of grass forages were increased with 
increasing levels of N fertilizer (Panditharatne et al., 
1986). When herbages were fertilized with N, the 
correlation coefficient of CP and in vitro DM digestibility 
was high (Lynch et al., 1986; Coelho et al., 1988).
Plant nitrogen content
It is generally recognized that application of N to 
grass pastures increases N content of the forages when they 
were harvested at vegetative growth stages (Krysl et al., 
1987; Van Vuuren et al., 1991). Increasing the N 
fertilization rate threefold increased the N content by 
about 60 to 70% prior to heading of timothy (Lindgren and 
Lindberg, 1988). During the first wk of regrowth after a 
clearing cut, N content of ryegrass increased markedly with 
increasing rate of N fertilization. Nitrogen fertilization 
increased both leaf;stem ratio of grasses and the synthesis 
of N components (Appadurai and Goonewardena, 1974).
Millard (1988) stated that N fertilization sustains a high 
growth rate in plants by stimulating usage of excess 
storage N and by saturating the capacity of plant N uptake. 
The application of N fertilizer during regrowth ensures a 
high level of N in the forage (Spurway et al., 1976).
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The magnitude of increase in plant N depends on the 
time elapsed between the N application to the stubble and 
the following harvest (Wilman, 1975b). The peak 
concentration of plant N occurred the second wk after 
applying the N fertilizer to the stubble. By the tenth wk 
there was little or no difference in the concentration of 
plant N in the grass fertilized at different levels, 
because the increased plant DM accumulation diluted the 
extra plant N taken up from fertilizer (Henzell, 1963; 
Lindgren and lindberg, 1988; Minson, 1990). Reid (1970) 
compared a series of 21 N fertilization rates ranging from 
0 to 897 kg N/ha during the fall on pure perennial 
ryegrass. The response of forage DM yield to fertilization 
rate was linear between the zero and 336 kg N/ha.
Moreover, the response of plant N yield was linear from 
zero to 785 kg N/ha. The plant N concentration in forages 
seemed to continue to increase after maximum DM production 
had been obtained.
Early studies (Greenhill, 1936; Ferguson and Terry, 
1954) indicated that the proportions of NPN and (or) 
inorganic N in forages were greater when the forages were 
heavily fertilized with N than when grown under conditions 
of low N fertilization. Of the inorganic forms of N, N03"
N can accumulate in quantities up to about 50% of the total 
herbage N (Chatterjee and Das, 1989). An increase in N03‘ 
content of forages can occur when application of N
fertilizer increases CP content of herbages or when maximum 
yields are obtained (Bartholomew and Chestnutt, 1977). 
Whether, and to what extent N03' accumulates in forages, is 
mainly determined by climatic factors and by availability 
of water, because increased N03' reduction is closely 
linked to photosynthesis (Kaiser and Forster, 1989). 
Photosynthesis modulates N03' reductase via the 
concentrations of C02 (Kaiser and Brendle-Behnish, 1991), 
ATP and AMP (Kaiser and Spill, 1991).
Plant nitrogen components
Although N fertilization increased N content of 
forages, the NDF-bound N and ADF-bound N remained constant 
(Sanderson, 1988). High rates of N fertilization increased 
N solubility of forages (Sanderson and Wedin, 1989a) and 
tended to decrease lysine content in ryegrass (Eppendorfer, 
1977) and wheat (Morey, 1983). In pea leaves, 75 to 80% of 
leaf N was found in chloroplasts, and about 70% of 
chloroplast N was located in the stroma. The ratio of 
chloroplast N to leaf N increased from 53 to 61% in 
response to N fertilization. The ratio of mitochondrial 
protein N to total leaf N decreased from 7 to 4% with 
increasing leaf N content. The photosynthetic enzymes 
present in chloroplasts increased at a higher ratio than 
leaf N content (Makino and Osmond, 1991).
MATERIALS AND METHODS 
Experiment I
General
Annual ryegrass fLolium multiflorum Lam.. cv.
Marshall) and berseem clover (Trifolium alexandrinum. cv. 
Bigbee) were seeded into prepared plots (4.6 x 1.8 m) using 
a small plot planter with 250 mm row spacing and 56 kg/ha, 
37 kg/ha seeding rates, respectively, on October 29, 1987. 
The plots were prepared on Iberia silty clay soil (fine, 
montmorillonitic, thermic Vertic Haplaquolls) that had been 
crowned to improve surface drainage. Double plot area was 
allowed for both 2-wk DI and 0 N fertilization treatments 
to obtain an adequate amount of sample. Extra plots were 
added to permit 4-*wk regrowth forages to be harvested at 
the midpoint harvest. A completely random experimental 
design was used with a factorial treatment arrangement of 
DI, N fertilization and fungicide application in two 
replications without N fertilization and fungicide 
application for berseem clover.
The DI was every 2, 4 and 6 wk. The four rates of N 
fertilization were 0, 112, 224 and 33 6 kg/ha. The N was 
split applied in equal increments on November 23, 1987, 
January 28, March 3, and April 15, 1938. Fungicide, 
propiconazole, (C. P. Chemicals, Inc., P. 0. Box 158, 
Sewaren, NJ 07077) totalling 1.17 L/ha was applied in equal
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increments on March 16 and April 14, 1988. Plots not 
treated with fungicide were sprayed with water.
Staging harvests were made on January 27, 1988 for 
plots of 6-wk DI treatment. Staging harvests for plots of 
2- and 4-wk DI treatments were made on February 22, 1988 
due to wet weather. After staging harvests, plots with 2- 
wk DI were harvested on March 1, 15 and 28, April 13 and 
26, May 10 and 24, 1988. Plots with 4-wk DI were harvested 
on March 1 and 28, April 26 and May 24, 1988. Plots with 
6-wk DI were harvested on March 1, April 13 and May 24, 
1988.
Forage sample collection and processing
A 0.91 m wide strip was harvested from the center of 
each plot with a flail harvester. The total sample 
collected was weighed to estimate DM yield. Two subsamples 
were taken from each plot. One was dried at 60° C to 
determine its DM content. Another was stored immediately 
at -18° C until lyophilized (Abdalla et al., 1988). After 
air equilibration of the lyophilized samples, the forage 
samples were ground through a 2 mm screen for further 
analyses.
Laboratory analyses
The laboratory analyses included selection of a 
solvent to extract plant soluble N (SN) and partitioning of 
the trichloroacetic acid (TCA) precipitable protein N 
(SPPN) and TCA soluble N (SNPN) from solvent extracted N.
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Plant N fractionation is outlined in the following diagram 
(page 43). In all cases, N was determined on the fraction 
of interest by using macro- or micro-Kjeldahl N methods 
(AOAC, 1984). Samples were composited on an equal DM basis 
based on N fertilization, DI and cutting dates and used to 
estimate the ruminal DM and CP degradability.
1. Comparison of solvents
A pilot solvent screening study was conducted using 
both ryegrass and berseem clover samples obtained from the 
90 d primary growth and 42 d regrowth forage samples used 
in this study. Because numerous solvents varying in 
complexity of physical and chemical properties have been 
used in past studies to partition feed N, eleven solvents 
representing salt, buffer, acid and base properties were 
chosen to screen for their abilities to solubilize plant N.
1. Varying concentrations of a sodium chloride (NaCl) 
solution: .15, .3 and .5 M NaCl were prepared as described 
by Salobir et al. (1970).
2. Diluted Burroughs' mineral mixture: a salt solvent 
of Burroughs et al. (1950) was prepared at 10% of the 
original concentration (Crooker et al., 1978).
3. Varying concentrations of NaCl in combination with 
acetic acid (buffer effect): .15 M NaCl plus .1 M acetic 
acid and .5 M NaCl plus .1 M acetic acid.




Soaked in a solvent 
(Separated particulate from extract,
8,000 x g, 20 min)
*Soluble N
(a-amino-N and non-NH3-N Insoluble N
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Precipitated with 15% TCA 
(Separated the protein pellets,








FIGURE 1. Scheme for Partitioning Plant Nitrogen
Components - Experiment I (*N analyses were 
performed on these fractions).
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5. Borate-phosphate buffer (Krishnamoorthy et al., 
1982) .
6. Autoclaved rumen fluid: rumen fluid was collected 
from a fistulated cow grazing ryegrass pasture. On two 
consecutive d, 2 L of rumen fluid was collected at 0700 and 
1900. For each collection, rumen fluid was strained 
through four layers of cheesecloth and autoclaved 
immediately at 130 to 14 0° C for 45 min. The autoclaved 
rumen fluid was cooled and stored at 4° C. Following the 
final collection, equal amounts of autoclaved rumen fluid 
from the 4 collections were pooled and centrifuged at
10,000 g for 20 min. The supernatant was saved and used to
extract plant N from pasture forages.
7. .2% sodium hydroxide (Kolousek and Coulson, 1954).
The solvents of .15, .3, .5 M NaCl and 10% Burroughs'
mineral mixture were adjusted to neutral pH by using 1 N 
HC1 or NaOH and also tested for their extraction capacity.
The extraction procedure was carried out by soaking .5 
g of air dry forage samples in 75 ml centrifuge tubes with 
25 ml of solvent. Tubes were shaken with each solvent at a 
rate of 120 cycles/min for 1 h at 39° C, then the extracted
mixture was filtered through 4 layers of cheesecloth to
separate the course particles. The filtrate was 
centrifuged at 8000 x g for 20 min after measuring pH.
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2. Factors influencing trichloroacetic acid precipitation 
of soluble nitrogen components
Varying concentrations of TCA and precipitation times, 
and two processing temperatures were used in a screening 
study to determine optimum conditions for partitioning SN 
in ryegrass into SPPN and SNPN. Treatment factors were 
applied in a factorial arrangement. Soluble N extracts 
were obtained by soaking 8 g air dried ryegrass samples 
(same as those used previously) in 500-ml conical flasks 
containing 2 50 ml of the solvents. The solvents used were 
either .2% NaOH solution or .15 M NaCl solution, 
respectively, which were chosen based on the pilot solvent 
study. The flasks were shaken with solvent at a rate of 80 
cycles/min for 1 h at 39° C. After the extracted mixture 
was filtered through 4 layers of cheesecloth to separate 
the course particles, the extract filtrates were 
centrifuged at 8000 x g for 20 min. Supernatants from 
eight flasks were composited to obtained sufficient solvent 
extract for the assay.
Five ml of 15%, 3 0%, 45% or 60% TCA solutions were 
added to 50 ml centrifuge tubes containing 10 ml of the 
extract supernatant to obtain final concentrations of TCA 
in the mixed solutions of 5%, 10%, 15% or 20%. The tubes 
were quickly agitated (vortex), and then allowed to stand 
at either 4 or 24° C for 5, 15 or 30 min. The 4° C 
temperature was maintained by keeping the reagents, 
incubation mixture, processing and centrifuging temperature
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at 4° C. The reaction mixture was centrifuged at 8000 x g 
for 10 min to separate the SPPN (pellet) and SNPN 
(supernatant). The N content of the protein-free 
supernatants was estimated by micro-Kjeldahl (AOAC, 1984).
3. Partitioning of nitrogen in the pasture forages.
Because of the high extraction capability of .2% NaOH 
from the solvent comparison study, as well as the close 
similarity in ranking feed degradabilities between N 
solubilized in .2% NaOH and N degraded in the rumen 
(Siddons et al., 1985), .2% NaOH solution was used for 
extracting all forage samples as described previously. The 
previous TCA deproteinization study indicated that 
precipitation efficiency of forage soluble protein could 
not be further improved above a final TCA concentration of 
15%. Another 10 ml of the extract supernatant was 
deproteinized with 15% TCA at room temperature (24° C) .
The remaining procedures used to separate SPPN from .2%
NaOH SN are the same as those described in section two: 
Factors influencing trichloroacetic acid precipitation of 
soluble nitrogen components. Insoluble N and SPPN were 
calculated as the difference between total plant N and SN 
and between SN and SNPN, respectively.
In situ (nvlon bag) study
The ryegrass samples collected for the plant N 
fractionation study were composited on an equal DM basis 
within N fertilization rates, DI and cutting dates. The
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berseem clover samples were pooled based on DI and 
harvesting date. Duplicate 4-g samples of air dry ryegrass 
and clover were weighed into 5 x 15 cm nylon bags having 35 
micron pore openings. A mature dairy cow equipped with a 
rumen cannula was fed alfalfa and bermudagrass hay in ratio 
of 6:4 in equal increments at 0700 and 1900 h daily with DM 
intake restricted to 1.8% of body weight. Trace mineral 
salt and fresh water were available continuously. After a 
2-wk dietary adaption, nylon bags were ruminally incubated 
for 3 and 7 h by attaching bags to weighted nylon leads. 
Bags were removed and briefly washed in tap water to remove 
feed particle contamination. They were then chilled in ice 
water for 20 min. The bags were then washed thoroughly 
with tap water until the effluent was clear. In situ DM 
disappearance was determined after drying bags at 100° C 
for 10 h. The residual DM was analyzed for N content as 
described previously.
Statistical analyses
Data from the extraction solvent comparisons in the 
pilot study were analyzed using the GLM procedures of SAS 
(1986) as a split-plot design (Cochran and Cox, 1957) with 
forage species and growth stages as the whole plots and 
with solvents as the subplots. The statistical model was:
Y i j kl  =  +  0 j  +  Y k +  / ? Y kj +  ot / JYi jk +  5 t +  Ps j i  +  Y 5 ki
+ 0Y<Sjkl + ejjkl
48
where:
Yij-kl = an observation of a dependent variable,
H  = effect common to all observations,
a i = effect of replication,
/3j = effect of forage species,
yk = effect of growth stages,
/3ykj. = interaction between forages and growth 
stages, 
a(3y..]k = whole-plot error,
<5t = effect of solvents,
= interaction between forages and solvents
y<Skl = interaction between growth stages and
solvents,
/ 3 y S ]kl =  interaction among forages, growth stages and 
solvents,
€ijki = sub-plot error.
The a / 5 y . j k and ejj.kl mean squares were used as whole-plot and 
sub-plot error, respectively.
Data from the TCA deproteinization study were analyzed 
by the GLM procedures of SAS (1986) as a completely random 
design (Cochran and Cox, 1957) with a factorial treatment 
arrangement of TCA concentration, standing time and 
precipitation temperature.
Data for plant N fractionation of forages with varying 
DI or N fertilization were analyzed by the GLM procedures 
of SAS (1986) as a completely random design (Cochran and
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Cox, 1957) with a factorial arrangement of N fertilization, 
DI and fungicide. The effect of harvest date was analyzed 
by split-plot analysis of variance. The statistical model 
was:
y t jkim =  M +  <*,- +  +  Y k +  « i  +  @Y  j|< +  + y  <Sk l  +  ^ Y « 5 j k l
+ u p y S i m  +  e m + ( 3 e jm +  y e km +  S e [m + P y e jkm + P S e ][m
+  Y S e k[m +  f iy  S e . ]klm +  0jjkt[n
where:Yljklm = an observation of a dependent variable,
(j, = effect common to all observations,
ce1- = effect of replication,
/3. = effect of N fertilization,
yk = effect of DI,
= effect of fungicide,
/3y jk = interaction between N fertilization and DI,
p s . }i =  interaction between N fertilization and
fungicide,
Y<5kl = interaction between DI and fungicide,
p y S - k[ =  interaction among N fertilization, DI
and fungicide, 
a P Y s \ W  = whole-plot error,
em = effect of cutting date (growing season),
B e .  = interaction between N fertilization and
 ̂ jm
cutting date,
Yekn) = interaction between DI and cutting date,
6el(I) = interaction between fungicide and cutting 
date,
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fiye-ikm =  interaction among N fertilization, DI and 
cutting date,
>S6ejlm = interaction among N fertilization, fungicide 
and cutting date,
Y<Seklm = interaction among DI, fungicide and cutting 
date,
/3Y<Sejklm = interaction among N fertilization, DI, 
fungicide and cutting date,
®ijkim = sub-plot error.
The a/?Y5ijki and ®,jkim mean squares were used as whole-plot 
and sub-plot error, respectively. Differences among 
treatment means were tested by orthogonal contrasts for 
linear and quadratic effects.
Least squares means were reported whenever there were 
unbalanced data. Linear contrasts (Cochran and Cox, 1957) 
in GLM were made for comparisons of clustered treatment 
effects. Duncan's new multiple-range comparisons were used 
to test differences among particular treatments at the .05 




Annual ryegrass (Lolium multiflorum Lam., cv. Gulf) 
was seeded into pastures using a planter with 175 mm row 
spacing and 2 0.5 kg/ha seeding rates, immediately after the 
pasture had been cut with a drum mower on October, 1988 at
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the BenHur Research Farm at Louisiana State University.
The soil type was a Providence silt loam. The pasture was 
clipped to approximately 5 cm stubble height with a drum 
mower on February 13, 1989. Four plots (45 x 15 m), 
balanced for variance in soil fertility and moisture 
content, were used to produce forage for an animal feeding 
trial. The four plots were randomly assigned to four 
treatments (2- and 6-wk DI with or without 224 kg N/ha N 
fertilization). The two rates of N fertilization and two 
DI were in 2 x 2 factorial treatment arrangement. The 
plots were fertilized uniformly with 300 kg/ha of a 
granular fertilizer (25% P205 and 25% K20) and were sprayed 
with 2.3 L/ha of 2,4-D (Universal Cooperative Inc., 
Minneapolis, MN 5544 0) on February 16, 1989. After a 
staging harvest, the fertilized 6-wk regrowth plot was 
fertilized with 224 kg N/ha. Nitrogen was split applied in 
equal increments to the fertilized 2-wk regrowth plot after 
the staging harvest and following defoliation on February 
28 and March 14, 1989. Forage DM yield estimation and 
samples used for laboratory analyses were obtained by 
cutting two 2 . 1 x 6 m  quadrants with a drum mower. On 
March 28, 1989, the four plots were harvested with a flail 
harvester. About 250 kg harvested ryegrass from each plot 
was stored at - 18° C until fed. With the exception of the 
plot fertilized with 224 kg N/ha for 6-wk regrowth, the 
total plot harvests were measured for estimated DM yield.
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The DM yield of the plot treated with 224 kg N/ha N 
fertilization and 6-wk DI was determined by cutting four 
0.9 x 3 m quadrants with a flail harvester. A subsample 
was taken from each plot and stored at -18° C until 
lyophilized. After air equilibration of the lyophilized 
samples, they were ground through a 2 mm screen for 
analyses.
Feeding trial
A 2 x 2 factorial arrangement of treatments which 
included 2- and 6-wk DI with or without 224 kg N/ha N
fertilization was used in a 4 x 4 Latin square design. The
assignment of treatments was random, but the sequence of 
treatment allotment to each animal within four periods was 
equal with respect to residual effects. Four wether lambs 
equipped with permanent ruminal and abomasal cannulas were
used. The lambs were housed in individual metabolism
crates at 23° C with a 12 h photoperiod daily throughout 
the experiment. They were fed at 0700 and 1900 h daily 
with DM intake restricted to 2.5% of body weight (23 + 1.3 
kg). During the entire experiment, 5 g of a 10% Cr203 
concentrate pellet was incorporated into the diet at each 
feeding as an indigestible marker.
Each of the four periods consisted of a 7-d adjustment 
followed by 5 d of excreta collection and digesta sampling. 
For 14 d prior to initiating the study, the lambs were 
gradually adjusted to experimental diets by starting to
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feed the lambs with rations which consisted of 70% 
bermudagrass and 3 0% of a mixture of 47.5% ground corn, 
47.5% fresh ryegrass and 5% of a vitamin and mineral 
supplement on a DM basis. Consecutively, bermudagrass 
intake was decreased and the mixed feed intake increased by 
10% daily until 100% of the diet consisted of the treatment 
forages and ground corn at the end of the adaptation 
period. The four experimental diets (Table 1) consisted 
of 46.75% of the treatment ryegrass, 46.75% corn starch and 
6.5% of a supplement. Ryegrass was sampled throughout each 
experimental period and composited based on period and 
treatment. The composited forage samples were frozen for 
analyses. When necessary, but rarely, refused feed was 
manually inserted into the rumen through the ruminal 
cannula before the next feeding. Fresh water was available 
continuously.
Sample collection
Total excreta was collected daily for 5 d. Feces and 
urine were quantitatively collected in plastic receptacles. 
Five ml of concentrated H2S04 was added to the urine 
collectors daily to maintain the pH of the collected urine 
below 2. Each d at 0830, feces and urine were carefully 
weighed and mixed, and were pooled into individual animal 
composites. All samples were frozen until analyzed. 
Abomasal and rumen fluid samples were collected on five 
consecutive d at 2, 4, 6, 8, 10 and 12 h after both the
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TABLE 1. Ingredient and Chemical Composition of the Diets
Fed to the Growing Lambs
Composition 0 ka
Diets1 
N/ha 224 ka N/ha
and analysis 2-wk DI 6-wk DI 2-wk DI 6-wk DI
Ingredient composition,
On DM basis, %
Ryegrass 46.75 46.75 46.75 46.75
Corn starch 46.75 46.75 46.75 46.75
Supplement2 6.50 6.50 6.50 6. 50
Chemical composition3
On DM basis, %
NDF 21.9 19.5 15.1 20.9
ADF 16. 0 13.9 10. 0 14 .1
Total N 2.48 1.95 3 . 60 2 .73
On total N basis, %
BP soluble N 62.8 74.0 54.3 65.9
.2% NaOH soluble N 73 . 0 81.4 67. 0 72.4
NDF-bound N 10. 30 6.17 6.23 4.92
ADF-bound N 5. 15 4.08 1.90 2.92
1The same ingredients were used in the four experimental
diets except for treatment ryegrass.
Supplement contained the following per 100 g: trace mineral 
salt, 8.73 g; NaHC03, 29.12 g; urea, 27.43 g; MgO, 7.27 g; 
K2S04, 9.05 g; vitamin mix (A, D and E) 9.62 g, dicalcium 
phosphate, 8.75 g.
3Chemical composition of the diets calculated based on the 
analyzed composition of the ryegrass, except for total N 
which was determined on the complete mixed diets.
a.m. and p.m. feedings such that sampling was at 12-h 
intervals and moved forward 2 h each d. The 10- and 12-h 
postfeeding samples were obtained within the last d of each 
collection period. Rumen fluid (35 ml) was taken directly 
through the rumen cannula using rubber tubing. After 
immediate measurement of pH, the samples were placed on 
ice. About 80 ml of abomasal contents were obtained. The 
initial dry contents filling the cannula before sampling 
were excluded. Both rumen and abomasal samples were frozen 
until further laboratory processing. Abomasal samples were 
lyophilized and pooled by animal on an equal DM basis such 
that there was one individual animal composite from each 
collection period. At the end of the experiment, 250 ml of 
rumen fluid was collected from each animal for preparation 
of a microbial pellet for determining purine N to total N 
ratios.
On d 1, 3, and 5 of each period, blood samples (about 
10 ml) were collected into evacuated, heparinized tubes by 
jugular puncture at 1.5, 3 and 7 h postfeeding, 
respectively, and centrifuged at 2 000 x g for 10 min.
Plasma was pooled on an individual lamb basis within each 
collection period and analyzed for plasma urea N (Chaney 
and Marbach, 1962).
Yb-labelled forage preparation
Seven hundred g of ryegrass from each of the four 
treatments was lyophilized and cut to a length of 3 cm.
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The ryegrass was labelled with Yb as described by Turnbull 
and Thomas (1987) for 24 hours at 4° C. A subsample was 
retained for DM and Yb analyses and the remaining marked 
forage was frozen until fed. Fifty g of wet Yb-labelled 
ryegrass was fed to the lambs at 0700 h feeding on the 
second d of each collection period. Fecal sub-samples were 
obtained at 0, 6, 18, 24, 30, 36, 42, 48, 54, 60, 66, 72, 
78, 84 and 96 h postdosing. After drying at 60° C in a 
forced-air oven, the fecal samples were ground through a 2 
mm screen for Yb analysis.
Laboratory analyses
With the exception of samples which were lyophilized 
for analysis, the DM of samples was determined at 100° C. 
For samples of feed, abomasal digesta and fecal excreta, N 
was analyzed as Kjeldahl N (AOAC, 1984); the analyses of 
NDF, NDF-bound N, ADF and ADF-bound N were non-sequential 
as described by (Goering and Van Soest, 1970). Borate 
phosphate soluble N, BP soluble NPN, .2% NaOH soluble N and 
.2% NaOH soluble NPN of ryegrass were estimated using the 
procedures described in Experiment I. Urine samples were 
analyzed directly for Kjeldahl N content (AOAC, 1984).
Fecal samples were dried at 60° C in a forced-air oven and 
weighed for DM which was corrected to 100° C DM by redrying 
a subsample at 100° C.
The NH3 in abomasal digesta was extracted with .2 N 
HCl solution. One-half g of lyophilized abomasal composite
was incubated in a 15 ml centrifuge tube with 10 ml of .2 N 
HC1 solution at 4° C for 12 h and was centrifuged at 27,000 
x g for 15 min. Ammonia was determined in the supernatant 
fraction as described by Broderick and Kang (1980).
Ruminal fluid samples were thawed and pooled on an equal 
volume basis into individual animal composites. The 
ruminal fluid composites were centrifuged at 27,000 x g for 
15 min. Ammonia and total free AA were assayed in the 
supernatant fraction as described for abomasal 
supernatants. A bacteria-rich pellet was obtained by 
centrifuging rumen fluid collected on the final collection 
period at 650 x g for 10 min, and subsequently at 25,000 x 
g for 30 min. Bacterial pellets isolated from these 
ruminal fluid composites and abomasal samples were analyzed 
for purine N (Zinn and Owens, 1986)
For Cr analysis, samples were wet-ashed using a 
mixture of nitric acid and perchloric acid (Kimura and 
Miller, 1957). Fecal samples were dry-ashed at 550° C for 
24 h and solubilized with 4 N HCl and then allowed to 
reflux at 98 0 C for 1 h (Turnbull and Thomas, 1987) .
Soluble Cr and Yb were determined by atomic absorption 
spectrophotometry (Perkin-Elmer, 1976). All Yb samples and 
standards contained 2 mg/ml of K from KC1 which served as 
an ionization buffer and minimized absorptive interferences 
(Goestch and Gaylean, 1983).
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Calculation of data
Chromium and purines were used as abomasal DM and 
bacterial flow markers, respectively. The flow of abomasal 
DM was calculated as the reciprocal of the concentration of 
Cr in abomasal digesta and Cr intake (Faichney, 1980). The
abomasal nutrient flow was estimated as the product of the
nutrient concentration and amount of DM obtained in 
abomasal digesta. Fecal Cr recovery during the collection 
period averaged 93% across all treatments. Particulate 
passage rate was calculated using the two-compartment model 
described by Ellis et al. (1979) with ruminal passage rate 
defined by the descending portion of the fecal excretion 
curve. Abomasal flow of bacterial N was calculated as 
abomasal nucleic acid N flow divided by nucleic acid N 
concentration determined from isolated rumen bacteria (Zinn 
and Owens, 1986). Abomasal bacterial DM flow was 
calculated as abomasal bacterial N flow divided by 
bacterial N concentration determined from isolated rumen 
bacteria.
Statistical analyses
The experimental design used was a 4 X 4 Latin Square 
(Cochran and Cox, 1957) with a 2 X 2 factorial treatment 
arrangement. General Linear Model (SAS, 1986) procedures 
were used in the analysis of variance among treatments, 
periods and animals. Differences across time points 
(sampling time) due to treatment were analyzed by repeated
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measurements (SAS, 1986). The sampling time and the 
sampling time x treatment interaction were treated in the 
subplots. The statistical model was:
Y-... = u + a.+/?.+,, + a/3-- + a/3v<S- , + e + ae. + fie.ljklm 1 H  i kl ^ 1J ljkl m lm ^jm
+ a/3 e - - + 0 - -.,
^  ijm ijklm
where:Yij-klm = an observation of a dependent variable, 
ju = effect common to all observations, 
a,- = effect of N fertilization,
/3j = effect of DI,
Yk = effect of period,
<St = effect of animal,
a/3̂ . = interaction between N fertilization and DI,
a/8y<S].jkl = whole-plot error,
em = effect of sampling time, 
ae- = interaction between N fertilization andim
sampling time,
/3ejm = interaction between DI and sampling time,
a>®e jm = interaction among N fertilization, DI and
sampling time,
0-jkim = sub-plot error.
The a B y S . . }kl and 0ljklm mean squares were used as whole-plot 
and sub-plot error, respectively. Significant differences 
between treatment means were tested using orthogonal 
comparisons (SAS, 1986). These comparisons were: 1) 0 vs 
224 kg N/ha N fertilization; 2) 2- vs 6-wk DI; 3) the 
interaction between N fertilization and DI.
RESULTS AMD DISCUSSION
Experiment I: Effects of Defoliation Frequency and Nitrogen 
Fertilization on Nitrogen Constituents and Ruminal 
Degradability of Winter Annual Forages
Buffering capacity of solvents and ryegrass
The pH for the 11 solvents before and after incubation
with ryegrass samples ranged from a low of 2.54 and 2.91 for
1.0 M acetic acid to 12.43 and 11.91 for .2% NaOH (Table 2).
Autoclaved rumen fluid (ARF), 10% Burroughs' mineral mixture
and borate phosphate buffer solutions seemed to have similar
buffering capacity, which only allowed a decrease in pH of
about .2 units from the initial pH of the solvents. A large
fluctuation in pH between the initial solvents and final
extracts was observed in the solvents containing either
NaCl, .1 M acetic acid or both. This was possibly because
NaCl has little buffering capacities and .1 M acetic acid is
a weak buffer. An increase of .37 units and a decrease of
.52 units in pH of extracts of 1.0 M acetic acid and .2%
NaOH was observed as compared with the initial pH of the
solvents.
Overall, the narrower range of pH in the extracts (2.91 
to 11.91) in comparison to the range of pH observed in the 
initial solvents (2.54 to 12.43) suggests that growing 
ryegrass extracts have some innate buffering capacity. The 
deviation in the pH of the extracts from the initial pH of 
the solvents, particularly of the non-buffer solvents, would 
be expected, given the fact that the natural buffering
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0.15 M NaCl 7. 00 5.71
0.30 M NaCl 7.00 5.67
0.50 M NaCl 7.00 5.62
0.15 M NaCl, 0.1 M c h3c o 2h 2.84 3.69
0.50 M NaCl, 0.1 M c h3c o 2h 2.76 3.62
0.10 M c h3c o 2h 3.10 3 .83
1.00 M c h3c o 2h 2.54 2.91
Borate phosphate 6.88 6. 69
10% Burroughs' mineral mixture 7.00 6.80
Autoclaved ruminal fluid1 7.13 6.92
0.2% NaOH 12.43 11.91
1Rumen fluid was collected from a fistulated cow 
grazing ryegrass pasture.
effect of plant metabolites maintains a suitable
physiological environment for plant metabolism. The low pH
observed in ryegrass extracts solubilized in salt solvents
(NaCl) supports the known presence of high proportions of
dicarboxylic AA in the form of either free AA (Goswam and
Willcox, 1969a; Lefevre et al., 1991) or peptides and
protein (Goswam and Willcox, 1969b; Hegarty and Peterson,
1973; Lyttleton, 1973) in growing ryegrass. The pK values
for dicarboxylic AA (approximately 4; Stryer, 1988) in the
form of peptides and proteins would exert their maximal
physiological buffering effects in growing ryegrass.
Solubility of plant nitrogen in annual ryegrass and berseem 
clover using various solvents
When evaluating the solvents used to extract the SN of 
ryegrass and clover (Table 3), an effect (P < .01) on plant 
N extractability, that was probably attributable to the 
ionic strength of the NaCl solvents, was found in berseem 
clover. This was not observed (P > .05) with annual 
ryegrass. More (P < .01) SN in clover was extracted in .5 M 
than in .3 or .15 M NaCl solvents (23.9 vs 19 or 18.6%, 
respectively); however, no differences (P > .05) in SN 
extraction were observed between the .15 M and the .3 M NaCl 
solvents. Similar effects were reported by Crooker et al. 
(1978) who ascribed them to feed-solvent interactions rather 
than to the ionic strength of the NaCl solutions. Higher 
concentrations of NaCl will decrease the interaction of the 
ionic groups of the proteins and, consequently, increase
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TABLE 3. Solubility of Plant Nitrogen (% of Total N) 
in Annual Ryegrass and Berseem Clover in Various Solvents
Solvents Ryegrass Clover Mean
0. 15 M NaCl 34.9de 18. 6bc 26. 8d
0.30 M NaCl 35. 3de 19. 0bcd 27 . lde
0.50 M NaCl 35. lde 2 3 . 9ef 29.5ef
0.15 M NaCl, 0.1 M CH3C02H 17. 0bc 16. 7b 16. 9bc
0. 50 M NaCl, 0.1 M CH3C02H 18. 6C 19. 9cd 19. 2C
0.10 M c h3c o 2h 12. 9a 11. 2a 12. la
1.00 M c h3c o 2h 15. 0ab 13. 3a 14 . 2ab
Borate phosphate 3 3 . 5d 25.5f 29 . 5ef
10% Burroughs' mineral mixture 36. 7e 24.8f 30.8f
Autoclaved rumen fluid 35. 4de 21. 8de 28.6def
0.2% NaOH 54. 5f 35.19 44.8g
SE 0.52 0.31 0.33
abcdefgValues w ithin a column having different superscripts
differ (P < .01)
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solubility. This probable effect of the ionic strength of 
the NaCl solutions on plant protein extractability was 
further demonstrated in growing clover forage in this study 
when salt solutions were combined with .1 M acetic acid.
Various concentrations of NaCl solutions, BP and ARF 
extracted similar (P > .05) amounts of plant N from ryegrass 
even though they represented widely differing properties of 
simple salt, common buffer and a complex mixture of minerals 
and buffers, respectively. This is consistent with the 
assertion that rumen fluid behaves as a salt solution 
relative to N extraction (Crooker et al., 1978). Also, 
there was no difference (P > .05) in SN extraction from 
ryegrass with 10% BMM, ARF and NaCl solvents. These three 
solvents have been mainly reported to extract NPN, albumins 
and globulins from plants (Sniffen, 1980). Krishnamoorthy 
et al. (1982) discussed the characteristics of these three 
solvents and stated that NaCl is simple to prepare, but it 
has no buffering capacity; 10% BMM is unstable in storage; 
and ARF has the disadvantage of laborious collection and 
processing.
Ten percent BMM was more effective (P < .01) than ARF 
in extracting SN from clover (24.8 vs 21.8%), but there was 
no difference (P > .05) in SN extracted from clover between 
10% BMM and .5 M NaCl. Overall solubilities of plant N of 
growing ryegrass and berseem clover were similar (P > .05) 
across .5 M NaCl, BP, 10% BMM and ARF solvents. In a
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previous study, Blethen et al. (1990) indicated that the 
proportion of feed N extracted by 10% BMM did not differ 
substantially from the sum of protein solubilities 
sequentially extracted in water and then dilute NaCl (30.5 
vs 33.7%). A trend for an interaction between forages and 
solvents was observed in this study. For growing forages,
.5 M NaCl could be used to replace 10% BMM and ARF in 
solubilizing plant N because of its simplicity in chemical 
composition and preparation, and their similarity of 
extracting SN.
Byers et al. (1983) indicated that acetic acid was 
effective in solubilizing structural proteins of grain. In 
contrast, less (P < .001) growing plant N was solubilized in 
solvents containing acetic acid than in the other solutions 
in our study (15.6 vs 31.0%). However, addition of NaCl to 
acetic acid increased (P < .01) the solvent’s extraction 
capacity (18.1 vs 13.2%). The most important characteristic 
determining the salting out of a given protein is the 
isoelectric point of that protein. The effects of pH on SN 
extraction observed in this study were in agreement with 
those of Wohlt et al. (1973). They observed that as pH 
increased from 5.5 to 7.5, the proportion of protein 
solubilized increased from 27 to 57%.
The quantity of SN in ryegrass and clover extracted by 
.2% NaOH was higher (P < .001) than that solubilized by the 
other salt and buffer solvents (44.8 vs 28.7%). High
extractability of SN with dilute .2% NaOH when compared to 
mineral salts and dilute acid solvents was observed by 
Kolousek and Coulson (1954) and Siddons et al. (1985) in dry 
forages. Forage protein is often not extractable by an 
aqueous solvent, not because it is insoluble in this 
solvent, but because the protein is inaccessible, being 
enclosed in a membrane and (or) complexed with a different 
macromolecule. Some of these buffer-soluble but buffer- 
inextractable proteins might, in all probability, dissolve 
in the .2% NaOH solution. Hernandez et al. (1988) stated 
that both mechanical and chemical damage of biological 
membranes could cause disruption of the membrane. Klimenko 
(1950) assumed that the NaOH could rupture the cell membrane 
and stabilize the release of proteins into a solution. The 
high solubility of ryegrass N in .2% NaOH (54.5% of plant N) 
is consistent with the high concentration of the soluble 
fraction I protein in growing forage plants (Mangan, 1982).
The proportion of SN in annual ryegrass and clover 
across the solvents was different (29.9 vs 20.6%; P < .001). 
However, differences in forage species were not observed in 
solvents containing acetic acid (15.9 vs 15.3%, P > .05). 
This finding, along with other reports (Waldo and Goering, 
1979) indicates that the extractability of SN depends on the 
type of feed, as well as on the solvents used.
For ryegrass, a greater difference in SN between 
primary growth and regrowth harvests (56.7 vs 52.3%, P <
.01) was observed in .2% NaOH solution (Table 4). With the 
exception of solvents containing acetic acid, mean N 
solubilities of ryegrass and clover were higher (P < .05) in 
primary growth (39.1 and 25.3%) than in regrowth (36.8 and 
22.9%). This difference was likely caused by seasonal 
factors, such as precipitation and temperature, which 
influence the cell wall content rather than the maturity of 
the forages. This phenomenon will be further illustrated by 
the data presented in the section of "Effect of stage of 
growth and defoliation interval on ryegrass nitrogen yield 
and composition".
Precipitation of soluble plant protein nitrogen bv 
trichloroacetic acid
The quantities of SPPN precipitated by different 
concentrations of TCA from both .15 M NaCl and .2% NaOH 
extracts at different incubation times and temperatures are 
given in Tables 5, 6 and 7. The .15 M NaCl was intended to 
have no chemical effect on the plant N components other than 
salting out proteins. However, the .2% NaOH could react 
with the cell wall polysaccharide and rupture the plant cell 
wall. A higher proportion of SN would be expected in .2% 
NaOH than in the other solvents used in this study as 
previously mentioned. A TCA concentration of 10% 
precipitated 3.7% more SPPN, and TCA concentrations of 15 or 
20% precipitated 9.2 and 11.5%, respectively, more SPPN from 
the ryegrass extract than 5% TCA. A linear (P < .01) 
increase in precipitation of soluble plant protein N was
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TABLE 4. Solubility of Plant Nitrogen (% of Total Plant N) 
in Annual Ryegrass and Berseem Clover at Primary Growth 
(PG) and Regrowth (RG) Stages in Various Solvents
Ryegrass Clover SE
Solvents PG RG PG RG
0.15 M NaCl 
0.3 0 M NaCl 
0.50 M NaCl 
0.15 M NaCl, 0.1 M 
0.50 M NaCl, 0.1 M 
0.10 M CH3C02H








36.3 34 . 3
35.9 34. 3
c h3c o 2h 16.2 17.8
c h3c o2h 18.2 19.0








20.9 16. 3 0.49
21.5 16.4 0.52
24.6 23 . 3 0.48








25.3b 22 .9a 0.21
0.40 0.47
1BMM —  Burroughs' mineral mixture.
2Mean of data in a column excluded the solvents containing 
CH3C02H (acetic acid) .
abMeans having different superscripts within same forage 
differed (P < .05).
TABLE 5. Effect of Trichloroacetic Acid (TCA) 
Concentration on the Percentage of Soluble Plant 
Protein Nitrogen Precipitated
Concentration Extract
of TCA (%) .15 M NaCl .2% NaOH Mean
-6 or bn
5 45.5a 74. 7a 60. la
10 .Q•00 75.9b 62. 3b
15 53. 4C 77. 7C 65. 6C
20 55. 3C 78. 6C 67. 0C
SE 0.54 0.47 0.36
Linear effect P < .001 P < .001 P < .001
abValues within a column having different superscripts 
differ (P < .05).
TABLE 6. Effect of Incubation Time on the 
Percentage of Soluble Plant Protein Nitrogen 
Precipitated by Trichloroacetic Acid
Minutes of Extracts
precipitation .15 M NaCl .2% NaOH Mean
■ -o or on
5 52. 0b 77.5 64. 8b
15
J3<0CO•oin 76.0 63 . 4ab
30 49. 4a 76.6 63. 0a
SE 0.47 0.41 0.31
Linear effect P < .001 P < .01
abValues within a column having different superscripts 
differ (P < .05).
TABLE 7. Effect of Incubation Temperature on the 
Percentage of Soluble Plant Protein Nitrogen 
Precipitated by Trichloroacetic Acid
_____ Extract______
Temperature, °C .15 M NaCl .2% NaOH Mean
  % of SN ----------
4 51.8b 76.8 64.3b
24 49.5a 76.6 63. la
SE 0.38 0.33 0.26
abValues within a column having different superscripts 
differ (P < .05).
72
observed with increasing TCA concentration (Table 5). This 
suggested that the size of the proteins in the extract was 
small and that the chemical properties of the proteins were 
relatively heterogenous (Bhatty, 1972). The amount of SPPN 
precipitated by 15 or 20% TCA was not different (P > .05).
In order to obtain maximum precipitation of SN from the 
ryegrass extract, TCA concentrations of 15 to 20% were best. 
The remaining N in the extract was presumed to be NPN.
The longer incubation times decreased the quantity of 
SPPN precipitated by TCA (Table 6). Differences (P < .05) 
were observed between 5 and 30 min, but not at other time 
periods. The decline in SPPN recovered as incubation time 
increased may have been caused by breakdown of some protein 
to SNPN, as well as by protein denaturation by TCA. 
Therefore, a short reaction time seems preferable. Khan 
(1984) suggested that a only 10 to 15 min incubation was 
required to denature plant protein at an adequate 
concentration of TCA.
More SN (P < .05) from the .15 M NaCl extract was 
precipitated by TCA when at 4° C than at 24° C (51.7 vs 
49.6%). However, no difference (P > .05) in processing 
temperature was found with extracts from .2% NaOH. The 
results suggested that low temperature will be beneficial 
when TCA is used to precipitate intact natural plant 
proteins.
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Distribution of plant nitrogen fraction in growing forages
Even though the fungicide reduced infection scores by 
about 20% late in the spring, the yields of DM and total 
plant N and N components of ryegrass were not affected (P > 
.05) by fungicide application. As a result, fungicide data 
are not reported herein.
1. Effect of nitrogen fertilization and defoliation interval 
on plant nitrogen yield and composition of ryegrass
The data for ryegrass harvested on March 1, April 13 
and May 24 were used to determine the effects of N 
fertilization and DI on plant N yield and N component 
distribution (Figures 2, 3, 4, 5 and 6). With the exception 
of ryegrass N yield, there were no interactions (P > .05) 
between N fertilization and DI on the measurements used to 
estimate changes in plant N components. However, there were 
linear increases in plant N yield with increasing rates of N 
fertilization (P < .001) or DI (P < .002). After 2- and 4- 
wk DI were adjusted to 6-wk regrowth, a large increase in 
plant N yield was observed when DI was increased from 2- to
4-wk (33.6 vs 41.9 kg N/ha for 6-wk regrowth). Only a small
increase was observed when DI was increased from 4- to 6-wk
(41.9 vs 44.4 kg N/ha with 6-wk regrowth). This is in
agreement with the observations of Lowe and Bowdler (1988) 
and Parsons and Penning (1988), who indicated that the 
average growth rate of pasture grass increased as the 

















FIGURE 2. Effect of Nitrogen Fertilization and Defoliation 























FIGURE 3. Effect of Nitrogen Fertilization and Defoliation 
























FIGURE 4. Effect of Nitrogen Fertilization and Defoliation 
Interval on .2% NaOH Soluble Nitrogen Content of 
























5. Effect of Nitrogen Fertilization and Defoliation 
Interval on Soluble Protein Nitrogen Content of 




























FIGURE 6. Effect of Nitrogen Fertilization and Defoliation 
Interval on .2% NaOH Soluble Nonprotein Nitrogen 
Content of Ryegrass at Three Harvests.
changed little as the duration of regrowth was extended from 
23 to 34 d. More frequent defoliation decreased DM yield, 
but increased plant N content of ryegrass (Butler, 1987).
The rate of canopy photosynthesis, and so the rate of 
production of new leaves, increases rapidly after severe 
defoliation of ryegrass swards. In contrast, a shorter DI 
probably decreases N yield of ryegrass because of the 
inability of the plant to reduce N03' (Qurry et al., 1988) 
and the inefficiency of photosynthesis in newly regrown 
shoots (Parsons et al., 1988).
The combination of 335 kg N/ha N fertilization and 6-wk 
regrowth resulted in the highest plant N yield (74.9 kg 
N/ha) compared with other treatment combinations.
Bartholomew and Chestnutt (1977) reported that even though 
the maximum DM yield of forage was produced at 10-wk DI, 6- 
wk DI gave the highest plant N yield. Ryegrass allowed 4-wk 
regrowth at 0 and 112 kg N/ha N fertilization gave the best 
yield of plant N when compared to 2- and 6-wk regrowth 
periods at the same N fertilization (26.4 and 39.3 vs 19.5, 
24.3 and 15.1, 30.2 kg N/ha, respectively). One major 
effect of more frequent defoliation on grass growth is to 
reduce net photosynthesis by reducing leaf area for 
interception of light. However, it may improve efficiency 
of photosynthesis by altering the leaf age structure.
Within the leaf canopy, photosynthetic activity declines as 
the leaves become more shaded. The optimum DI for forage
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production should maximize both the leaf photosynthetic 
capacity and leaf area index.
The concentration of plant N components increased 
linearly (P < .001) with increasing rate of N fertilization 
and with decreased DI. The magnitude of the increase (IN) 
in the yield of plant N and its components was calculated by 
difference as: IN - plant N yield and components in the N 
fertilized plot - N yield and components in the control 
plot. The regression coefficients of plant N yield and N 
component vs rate of N fertilization (kg N/ha) were 
summarized in Table 8. With 42 d of regrowth, approximately 
75% more plant N was harvested for each additional 100 kg 
N/ha fertilization. No differences (P > .05) were observed 
among the intercepts and slopes which were calculated for 
each of the N components. Similar findings were reported by 
Goswami and Willcox (1969a; 1969b), Motazedian and Sharrow 
(1990) and Willms and Beauchemin (1991). The similarity of 
these regression coefficients implied that the proportional 
changes in N components of ryegrass in response to N 
fertilization were similar. Specifically, N fertilizer 
application did not shift the distribution of N components 
in this study. Similarly, there were no differences (P >
.05) in proportions of .2% NaOH SN, SPPN and SNPN in 
ryegrass among the DI treatments.
Because there were no differences (P > .05) between the 
0 and 112 kg N/ha N fertilization and between the 4- and 6-
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TABLE 8. Regression Parameters for the Percentage 
Increase in Yield of Plant Nitrogen and Nitrogen 
Components of Ryegrass for each Additional 
100 kg N/ha Nitrogen Fertilizer
Items Intercepts Slopes R2 Prob > F1
Plant N yield, kg N/ha -5.9 75.1 .27 . 0001
Plant total N, % of DM 2.8 8.6 .19 . 0001
Plant soluble N, % of DM 3.3 9.1 .20 . 0001
Plant insoluble N, % of DM 2.4 •CO . 10 . 0001
Soluble true protein N, % of DM 3.7 10.2 . 18 . 0001
Soluble nonprotein N, % of DM 2.4 7.3 .06 . 005
1Level of significance for the estimated linear model.
wk DI, a quadratic effect (P < .001) of DI on plant N, SN 
and SPPN of ryegrass was observed. Also, there was a 
quadratic response of concentrations of plant N (P < .01). 
and SN (P < .05) in ryegrass to N fertilization. Lindberg 
(1988) observed that very large changes in plant N 
concentrations with increasing plant maturity and N 
fertilization did not change the proportion of NDF bound N 
in Timothy. Bartholomew and Chestnutt (1977) concluded that 
no significant changes in the proportion of plant N 
components occurred until N application reached levels 
beyond those at which maximum DM yield was achieved. The 
335 kg N/kg N fertilization rate was within the level
recommended by Armitage and Templeman (1964) and Reid (1970;
1986) for optimum pasture forage production. In our study, 
increasing N fertilization from 0 to 335 kg N/ha increased 
plant N content by 28%.
2. Effect of stage of growth and defoliation interval on 
ryegrass nitrogen yield and composition
Data for ryegrass harvested at different times during 
the growing season are summarized in Figures 7, 8, 9, 10 and
11. Interactions (P < .001) between harvest date and DI
occurred for all variables measured. Regardless of DI, the 
yield of plant N was lower (P < .001) when ryegrass was 
harvested on March 1 than when it was harvested on April 13 
or May 24. This was particularly noted for 6-wk regrowth 
harvested on March 1 (23.1 kg N/ha) when compared to April 
















FIGURE 7. Effect of Harvest Date and Defoliation Interval 
on Nitrogen Yield of Ryegrass. Extra-plots Were 
Added to Permit 4-wk Regrowth Forage to Be 
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FIGURE 8. Effect of Harvest Date and Defoliation Interval 
on Nitrogen Content of Ryegrass. Extra-plots 
Were Added to Permit 4-wk Regrowth Forage to Be 
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FIGURE 9. Effect of Harvest Date and Defoliation Interval 
on .2% NaOH Soluble Nitrogen Content of 
Ryegrass. Extra-plots Were Added to Permit 4-wk 
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FIGURE 10. Effect of Harvest Date and Defoliation Interval 
on Soluble Protein Nitrogen Content of 
Ryegrass. Extra-plots Were Added to Permit 4- 





























FIGURE 11. Effect of Harvest Date and Defoliation Interval 
on .2% NaOH Soluble Nonprotein Nitrogen Content 
of Ryegrass. Extra-plots Were Added to Permit 
4-wk Regrowth Forage to Be Harvested on April 
13.
(P > .05) in N yield was observed between the April 13 and 
May 24 harvests (33 vs 3 0 kg N/ha). This suggested that the 
utilization of inorganic N by ryegrass may have been higher 
(P < .001) on April 13 and May 24 than on March 1.
Evidently, the moderately higher temperature and intensity 
of radiant light favored the growth of ryegrass. With 
respect to plant N production during the growing season, no 
difference (P > .05) was observed between ryegrass having 4- 
or 6-wk regrowth across the whole growing season. However, 
plant N yield was lower (P < .01) when ryegrass was 
defoliated at 2-wk intervals than when it was harvested at 
4- or 6-wk intervals. It is generally recognized that soil 
available N (N03" N and NH4+ N) and organic N (amino N) 
reserves are both effective sources of N for growth of new 
foliage in grass plants that are clipped (Qurry et al.,
1988). Cutting increases turnover of plant N by inducing 
mobilization of organic N compounds, mostly from plant 
reserves. These reserves provide nearly all the N required 
to develop new leaves in the early stages of regrowth. A 
shorter DI may have increased photosynthetic activity, which 
may have increased the concentrations of enzymes and N 
metabolites in the plant. Conversely, uptake and reduction 
of N0'3 probably remained at low levels. Frequent 
defoliation progressively reduces the efficiency of N uptake 
from the inorganic N pool.
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Because wet weather skewed the defoliation schedule of 
the March 1 samples, the data for plant N yield were 
adjusted on the basis of the 2- and 4-wk regrowth durations 
using the yield of the 8-d regrowth. Therefore, the data 
must be interpreted cautiously. Yield of plant N on March 1 
differed (P < .001) among 2-, 4- and 6- wk DI (13.1, 25.9 
and 2 3.1 kg N/ha, respectively). It seems that this 
difference may have resulted mainly from seasonal factors, 
such as the temperature in early spring. When the regrowth 
duration was adjusted to 6 wk for 2- and 4-wk DI, the yield 
of plant N was higher in ryegrass cut at 2- and 4-wk DI than 
in those defoliated at 6-wk interval (39.3 and 38.9 vs 23.1 
kg N/ha, respectively). On April 13, ryegrass with 6-wk 
regrowth had the highest (P < .001) N yield when compared to 
ryegrass with 2- or 4-wk DI (64.8 vs 35.9 and 42.2 kg N/ha, 
respectively). No difference (P > .05) was found in N yield 
between ryegrass harvested at 2- and 4-wk DI. However, on 
May 24, ryegrass with 4-wk DI produced the highest (P < .01) 
N yield among the three DI, and nitrogen yield of ryegrass 
was lower (P < .01) for 2-wk than for 6-wk DI (34.2 vs 44.9 
kg N/ha with 6-wk regrowth).
Both harvest date and DI affected (P < .001) 
concentrations of plant N, SN, SPPN and SNPN in ryegrass. 
Ryegrass had higher (P < .01) concentrations of plant N, SN, 
SPPN and SNPN when harvested at 2-wk than at 4-wk regrowth 
and had lower (P < .01) concentrations of plant N, SN, SPPN
and SNPN at 6-wk than 4-wk regrowth. Similar trends were 
observed for N components in response to DI across the whole 
growing season. As a result, proportions of .2% NaOH SN and 
SPPN were higher (P < .05) for 2-wk than 4-wk regrowth 
ryegrass. However, this difference may have been caused by 
the greater proportions of SN and SPPN in the 2-wk regrowth 
ryegrass harvested at March 15 and 28. On March 1, 
concentrations of plant N, SN and SPPN were similar (P <
.05) in ryegrass harvested at 2- or 6-wk DI. Higher (P < 
.05) proportions of .2% NaOH SN and SPPN were found in 
ryegrass at 6-wk than 2- or 4-wk regrowth when harvesting 
was on April 13 (58.9 and 42.1 vs 50.2 and 37.8 and 48.7 and 
35.5%, respectively). No differences (P > .05) in the 
proportions of SN, SPPN and SNPN were found in ryegrass 
among the three DI on May 24; however, there was a linear (P 
< .001) effect of DI on concentrations of plant N, SN, SPPN 
and SNPN. An interaction (P < .01) of growing season and DI 
was observed in plant N yield and concentrations of plant N, 
SN, and SPPN.
With respect to growing season, plant N content was 
higher (P < .01) in ryegrass harvested on May 24 than on 
March 1, and was lower (P < .01) on April 13 than on March 
1. However, SN concentration was higher (P < .01) in 
ryegrass harvested at March 1 than when harvested on May 24, 
and was lower at April 13 than at May 24. Concentrations of 
SPPN were lower (P < .01) in ryegrass harvested at May 24
than at March 1 or April 13. Concentrations of SNPN were 
lower (P < .01) in ryegrass harvested at April 13 than at 
March 1 or May 24. When .2% NaOH SN, SPPN and SNPN were 
expressed on a plant N basis, the proportions of SN and SPPN 
were lower (P < .01) in ryegrass harvested on May 24 than on 
March 1 or April 13 (43.8 and 26.1 vs 53.8 and 35.7 or 52.9 
and 38.5%, respectively). However, the concentration and 
proportion of SNPN was lower (P < .01) in ryegrass harvested 
at April 13 than at March 1 or May 24. It seems that 
ryegrass harvested at April 13 had lower plant N, SN, and 
SNPN than at March 1 or May 24. The higher plant N content 
of ryegrass on May 24 may have been the result of greater 
leafiness favored by moderately higher temperatures (Abdalla 
et al., 1988a). Abdalla et al. (1988a) indicated that 
temperature caused changes in forage protein content either 
by altering the morphology of the grass or by increasing its 
respiration rate.
There was less precipitation (Figure 12) and higher 
environmental temperatures after April 15. Water stress may 
alter plant N concentration by decreasing soluble 
carbohydrate content and increasing N03' N concentration in 
ryegrass (Van Diest, 1990). Higher proportions of SN were 
observed in ryegrass harvested at March 1 and May 24 than at 
April 13. However, concentrations of SPPN were lower in 
ryegrass harvested at May 24 than at March 1 or April 13. 




































Date (From Oct. 1,1997 to May 31,1988)
FIGURE 12. Average Precipitation and Minimum (min.) and
Maximum (max.) Temperatures (Temp.) Measured at 
the New Iberia Research Station, Louisiana 
State University Agricultural Center, 
Jeaneratte, LA (from Oct. 1, 1987 to May 31, 
1988).
al. (1988a), which indicated that SN was higher and that NDF 
bound N was lower in forages harvested in the spring and 
fall than in midsummer. Our results indicated that the 
proportions of plant N components in the fractions measured 
varied considerably over the growing season. More forage 
protein might be expected to escape ruminal degradation when 
animals graze pastures growing under moderately high 
temperatures, because forage N solubility is lower when 
environmental temperatures are high.
The present study confirmed earlier observations by 
Lowe and Bowdler (1988) that lengthening the regrowth period 
from 2 to 6 wk reduce plant N content. A decrease in plant 
N content may result from either an increase in the 
proportion of stem (Hoveland and Monson, 1980) or from a 
decrease in the N content in the whole plant by dilution 
with accumulated carbohydrate (Lyttleton, 1973) . It is 
recognized that advancing maturity of pasture forages has a 
negative influence on the nutritive value by increasing cell 
wall content and by decreasing total N concentration 
(Lindberg and Lindgren, 1988). The increase in non-starch 
polysaccharide content during growth and maturation of 
ryegrass (Chesson et al., 1985) and sorghum (Goto et al., 
1991) dilutes plant N. Because of the interaction between 
growing season and DI, no difference (P > .05) in plant N 
and SN was observed between the 2- and 6-wk DI when ryegrass 
was harvested at March 1. When harvested on May 24,
94
ryegrass had higher (P < .01) concentrations of TN, SN, SPPN
and SNPN at 2-wk than at 6-wk regrowth.
3. Effect of stage of growth and nitrogen fertilization on 
ryegrass nitrogen yield and composition
There was an interaction (P < .001) between harvest 
date and N fertilization for all criteria measured. In 
early spring, particularly with 2-wk DI, high rates of N 
fertilization stimulated ryegrass growth and improved the N 
yield of ryegrass (Figure 13). With 335 kg/ha N
fertilization, yield of plant N was lower (P < .05) in
ryegrass harvested on March 1 than when harvested on May 24 
(35.2 vs 41.4 kg N/ha, respectively) and was higher (P <
.05) in ryegrass harvested at April 13 than at May 24 (48.4 
vs 41.4 kg N/ha, respectively). However, without N 
fertilization, the yield of plant N was lower (P < .05) in 
ryegrass harvested on March 1 than on April 13 (4.6 vs 13.6 
kg N/ha, respectively), but was higher (P < .05) in ryegrass 
harvested on May 24 than on April 13 (21 vs 13.6 kg N/ha, 
respectively).
When ryegrass was harvested in early spring (before 
March 28), plant N, SN, SPPN and SNPN concentrations 
responded linearly to increasing N fertilization (Figure 14, 
15, 16 and 17). However, with the exception of the May 24 
harvest, there were no (P > .05) linear effects of N 
fertilization on concentrations of plant N components in 
ryegrass harvested after April 13. Along with advancing 
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FIGURE 13. Effect of Harvest Date and Nitrogen
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FIGURE 14. Effect of Harvest Date and Nitrogen
Fertilization on Nitrogen Content of Ryegrass.
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FIGURE 15. Effect of Harvest Date and Nitrogen
Fertilization on .2% NaOH Soluble Nitrogen 
Content of Ryegrass.




























FIGURE 17. Effect of Harvest Date and NitrogenFertilization on Soluble Nonprotein Nitrogen 
Content of Ryegrass.
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temperature may alter plant N content and N composition
responses to N fertilization in growing ryegrass. Nitrogen
application usually produces a linear increase in plant N
content and yield. However, responses in plant N content
are more variable than plant N yield responses (McEwen et
al., 1989). On a total plant N basis, proportions of SN and
SPPN were lower (P < .05) in unfertilized than fertilized
ryegrass (51 and 33.9 vs 53.7 and 37.0%, respectively). As
mentioned previously, the nature of the ryegrass sample
collected on March 15 may have produced this result
artifactually. However, no difference (P > .05) was
observed in the proportion of SNPN in ryegrass.
4. Ruminal degradabilitv of ryegrass dry matter and nitrogen 
components
After 7 h ruminal incubation, 41 to 63% of DM and 64 to 
77% of plant N disappeared from nylon bags across treatments 
(Tables 9 and 10). In general, ryegrass DM disappearance 
values were lower than those for CP. The degradability of 
DM and plant N seemed to be primarily a function of growing 
season. Overall, 61.9% and 67.4% of plant N disappeared 
from bags after 3 and 7 h ruminal incubation, respectively. 
Nitrogen fertilization and DI did not affect (P > .05) 
ruminal DM and CP disappearance at 3 or 7 h incubation.
This suggested that N components in fertilized ryegrass were 
degraded at the same relative rates as those in unfertilized 
forage. Also, there were no interactions (P > .05) between 
N fertilization and DI on ruminal DM and CP disappearance.
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TABLE 9. Effect of Harvest Date (HD) and Nitrogen 
Fertilization (NF) on Disappearance of Dry Matter (DMD) and 





3 h 7 h
ND
3 h 7 h
March 1
0 54.1 56.8 63.4 64.7
112 58.9 63.2 73.4 76.9
224 53.3 56.1 67.9 70.2
335 50. 3 56.4 64.2 70.0
April 13
0 51.7 57.4 56.3 65.5
112 49.4 53.7 57.2 63.6
224 46.2 50.7 59.7 66.6
335 49.4 52.4 59.4 63 .1
May 24
0 34.5 41.1 59.0 66.8
112 34.8 39.2 61. 6 66.9
224 35.3 40.9 59.5 66.2
335 37.3 43.2 61. 7 68.3
SE 2.03 2.46 2.56 2 . 63
Statistical significance1
HD . 001 . 001 . 001 .03
Linear . 001 .001 . 002 . 09
Quadratic . 004 . 03 . 003 . 03
NF .42 .55 .25 .52
HD*NF .87 .41 .28 .26
Probability values for treatment effects (F test).
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TABLE 10. Effect of Harvest Date (HD) and Defoliation 
Interval (DI) on Disappearance of Dry Matter (DMD) and 
Nitrogen (ND) of Ryegrass after 3 or 7 Hours of Ruminal
Incubation
HD DI DMD 
3 h 7 h
ND
3 h 7 h
March 1
2 wks 52.5 58.1 67.2 72 .4
4 wks 52.5 55.8 69. 0 70.7
6 wks 57.5 60.5 65. 5 68.3
April 13
2 wks 50. 0 55.2 56.5 63.8
4 wks 50.5 55. 0 59. 0 65.7
6 wks 47.2 50.5 58.9 64.6
May 24
2 wks 38. 6 45.3 59.3 67.3
4 wks 36.1 42 . 3 60.9 68.0
6 wks 31.6 36.2 61.1 65.9
SE
Statistical significance1
1.75 2.22 2 . 13 2 . 28
HD . 001 .001 .001 .03
DI .54 . 17 .57 . 61
HD*DI . 04 . 13 .84 .86
Probability values for treatment effects (F test).
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This may have been due to the inherently high digestibility 
of cool season grasses (Terry and Tilley, 1964) and 
significant leafiness of immature ryegrass (Walker et al., 
1990).
The digestibility of ryegrass DM, either 3 or 7 h 
incubation, decreased linearly (P < .001) with advancing 
growing season. A linear effect (P < .002) of growing 
season was also observed for plant N disappearance after 3 h 
ruminal incubation. However, there was no effect (P > .05) 
of growing season on degradability of ryegrass N after 7 h 
of incubation. Ryegrass DM and CP degradability responded 
quadratically to harvest date at 3 h (P < .01) and 7 h (P < 
.05) of ruminal incubation. An interaction (P < .05) 
between harvest date and DI on DM disappearance was observed 
at 3 h ruminal incubation. The effects of growing season on 
ryegrass DM and CP digestibilities are more likely to be 
explained by environmental temperature and precipitation 
(Figure 12), which will alter both botanical structure and 
chemical composition of forages. Increased proportions of 
cell wall and lignin in forages with higher environmental 
temperatures were reported by Wilson and Minson (1983) and 
Muldoon et al. (1984). Lower forage digestibility results 
from the formation of chemical bonds and changes in the 
anatomical structure of the plant with increasing maturity 
that render it more refractory to digestion (Ben-Ghedalia et 
al., 1988). The ruminal degradation of plant protein is
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highly dependant on the accessibility of this protein to 
microbial proteases. Decreases in the rate of CP 
degradation with growing season are believed to result, not 
only from increased resistance of cell walls to microbial 
breakdown leading to slower release of cell contents, but 
also from an increase in the proportion of N associated 
(bound) with cell wall carbohydrate.
In this study, the proportion of .2% NaOH SN seemed to
agree with ruminal plant N disappearance. Simple NPN
components are characterized by rapid rumen decomposition
(ARC, 1984). The soluble proteins likely consisted mainly
of fraction I proteins that are easily degraded in the rumen
by bacterial enzymes. Nugent and Mangan (1981) indicated
that adsorption of fraction I protein onto rumen bacteria is
related to its reaction with proteolytic enzymes. The .2%
NaOH insoluble proteins of growing forages are likely
encapsulated in organelle membranes and bound to structural
carbohydrates. This fraction of protein is both insoluble
and less accessible to rumen bacteria (Lindberg, 1985).
5. Effect of stage of growth and defoliation interval on 
plant nitrogen yield and composition of clover
The effects of DI and season on clover N yield and 
composition are reported in Figure 18, 19, 20, 21 and 22. 
During the 12 wk regrowth period, from March 1 to May 24, 
clover N yield increased linearly (P < .001) with increasing 
DI. When DI increased from 2- to 6-wk, clover N yield 
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FIGURE 18. Effect of Harvest Date and Defoliation Interval 
on Plant Nitrogen Yield of Clover. Extra-plots 
Were Added to Permit 4-wk Regrowth Forage to Be 
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FIGURE 19. Effect of Harvest Date and Defoliation Interval 
on Nitrogen Content of Clover. Extra-plots 
Were Added to Permit 4-wk Regrowth Forage to Be 
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FIGURE 20. Effect of Harvest Date and Defoliation Interval 
on .2% NaOH Soluble Nitrogen Content of Clover. 
Extra-plots Were Added to Permit 4-wk Regrowth 
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FIGURE 21. Effect of Harvest Date and Defoliation Interval 
on Soluble Protein Nitrogen Content of Clover. 
Extra-plots Were Added to Permit 4-wk Regrowth 
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FIGURE 22. Effect of Harvest Date and Defoliation Interval 
on .2% NaOH Soluble Nonprotein Nitrogen Content 
of Clover. Extra-plots Were Added to Permit 4- 
wk Regrowth Forage to Be Harvested on April 13.
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Plant total N, SN, and SPPN contents of clover were higher 
(P < .01) when clover was harvested at 2-wk than at 4-wk 
regrowth. No difference (P > .05) was observed between 4- 
and 6-wk DI on parameters used to evaluate plant N 
composition. On a plant N basis, proportions of N 
components did not vary (P > .05) with DI. Romero et al.
(1987) indicated that a decline in alfalfa N content 
resulted from a decrease in the proportion of leaf to stem 
as plant maturity increased, although the NDF content 
remained constant in both leaf and stem fractions. This may 
indicate that maturity influences plant morphology rather 
than chemical composition itself.
Clover N yield and concentrations of plant N components 
changed linearly with season. For 6-wk regrowth clover, the 
utilization of inorganic (soil) N by clover was evidently 
lower (P < .001) before March 1, since more plant N was 
harvested on April 13 and May 24 (28.0 vs 119.8 and 131.1 
kg/ha, respectively). According to Van Soest (1983), the 
factors that affect forage growth are temperature, light and 
water. Temperature and intensity of light will be lower 
early rather than late in the growing season. Plant N yield 
responded quadratically (P < .001) to season. Plant N 
content was lower (P < .01) when clover was harvested on 
March 1 than on April 13, but was higher (P < .01) when 
clover was harvested on March 1 than on May 24. Soluble N 
concentrations for clover harvested at March 1 or April 13
Ill
were similar (P > .05). However, clover harvested on May 24 
had lower (P < .01) concentrations of SN and SPPN than 
earlier harvests. Concentrations of SNPN were higher (P < 
.01) in clover harvested in March than when harvested in 
April or May. Lower (P < .01) proportions of SN and SPPN 
were observed when clover was harvested on May 24 than when 
harvested on March 1 or April 13. The proportions of SNPN 
were lower (P < .01) in clover harvested on April 13 than 
when harvested on March 1.
An interaction (P < .01) between DI and season occurred 
for plant N yield, plant N and SPPN content of clover.
Plant N yield did not differ (P > .05) for clover regrown 
for either 2, 4 or 6 wk (27.9 vs 21 or 28 N kg/ha with 6-wk 
regrowth, respectively), but plant N concentration was 
higher (P < .01) with 6-wk than with 2- or 4-wk regrowth 
(4.34 vs 3.53 or 3.64%, respectively) when harvesting was on 
March 1. When clover was harvested on April 13, plant N 
yield was lower (P < .001) at 2-wk than at 4- or 6-wk of 
regrowth (44.7 vs 112 or 119.8 kg N/ha with 6-wk regrowth, 
respectively). However, the concentrations of plant N were 
lower (P < .01) with 4-wk than with 2-wk regrowth and were 
higher (P < .01) with 4- than with 6-wk of regrowth. 
Concentrations of SN and SPPN were higher (P < .05) in 2-wk 
than 4- or 6-wk regrowth clover (1.59 and 1.43 vs 1.48 and 
0.95 or 1.48 and 0.91%, respectively). However, on May 24, 
plant N yield was higher (P < .001) for 4-wk than for 2-wk
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DI (87.9 vs 55.0 kg N/ha, respectively) and was lower (P <
.001) than for 6-wk (87.9 vs 131.1 kg N/ha, respectively)
regrowth clover. The concentration of plant N was higher (P
< .05) at 2-wk than at 4- or 6-wk regrowth, but the
concentration of SPPN was lower (P < .01) at 6-wk than at 2-
or 4-wk regrowth. However, the concentration of SNPN was
not affected (P < .05) by treatment.
6. Decrradabilitv of clover dry matter and nitrogen 
components in situ
Although harvest date affected DM disappearance of 
clover at 3 h (P < .005) and 7 h (P < .001) of rumen 
incubation, there were no differences (P > .05) in the 
ruminal disappearance of clover DM and CP across treatments 
(Table 11).
Ruminal DM disappearance was similar for ryegrass and 
clover (46.1 vs 46.1%, respectively) after 3 h incubation 
but was lower (P < .05) for ryegrass than for clover (51 vs 
54.3%, respectively) after 7 h fermentation. Soluble N 
content was higher (P < .001) in ryegrass than in clover 
(49.7 vs 39.7%, respectively). Consequently, plant N 
disappearance from bags was higher (P < .01) for ryegrass 
than for clover after 3 h (61.9 vs 53.5%, respectively) and 
7 h (67.4 vs 60.1%, respectively) ruminal incubation.
The results of this experiment suggest that:
1). The solubilities of plant N in annual ryegrass and 
clover are mainly dependent on the pH of the extraction 
solvents employed. Solvent ionic strength seemed to
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TABLE 11. Effect of Harvest Date (HD) and Defoliation 
Interval (DI) on Disappearance of Dry Matter (DMD) and 
Nitrogen (ND) of Clover after 3 or 7 Hours of Ruminal
Incubation
HD DI DMD
3 h 7 h
ND
3 h 7 h
March 1
2 wks 48.5 56. 3 54.7 58.3
4 wks 49.4 57.6 54.0 59.5
6 wks 51.5 60.9 50.4 57. 6
April 13
2 wks 47.0 56.2 50.5 60. 0
4 wks 43.1 54.5 47.6 57.3
6 wks 44.8 52.9 56.4 64.0
May 24
2 wks 46.6 52.3 60.8 64.9
4 wks 43.8 49.3 53 . 3 57.2
6 wks 39.9 48.9 53.4 62 .1
SE 1.78 1.81 2.77 2.34
Statistical significance1
HD . 005 .001 .21 . 34
Linear . 002 .001 .25 . 16
Quadratic .22 .81 . 17 .77
DI . 34 .74 .31 .22
HD*DI . 12 .25 . 08 .25
Probability values for treatment effects (F test).
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interact with forage species. The dilute salt (.5 M NaCl) 
solvent extracted similar amounts of plant N in growing 
forages when compared with ARF and 10% BMM, which are widely 
used as extraction solvents.
2). More N was extracted by .2% NaOH.
3). The dilute acetic acid presumably extracted mainly
NPN from growing ryegrass.
4). The presumably heterogenous properties of intact 
plant proteins (or large peptides) in growing herbages could 
be efficiently precipitated by 15% or higher TCA 
concentrations at a 4° C incubation temperature.
5). Application of N fertilizer up to 335 kg N/ha
linearly increased the concentration of plant N, and that N
was equally distributed among the measured N pools of 
plants.
6). In general, longer DI favored plant N yield.
Shorter DI favored plant N concentration.
7). The concentration of plant N was higher and the 
concentration of SN was lower in ryegrass harvested late vs 
early in the growing season. This suggested that ryegrass 
could supply more escape plant N to the intestine of animals 
grazing late rather than early in the growing season.
8). Heavy N fertilization, with relatively longer DI, 
can produce the highest yield of plant N and maintain plant 
N levels that are satisfactory to meet the protein 
requirement of growing ruminants.
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9). For clover, longer DI was preferable where both 
plant N yield and plant N content were concerned.
10). The ruminal degradability of both DM and plant N 
in ryegrass decreased with advancing growing season.
11). The ruminal degradability of plant N in clover was 
not affected by growing season even though the degradability 
of clover DM declined with advancing growing season.
Experiment II: Effects of Nitrogen Fertilization and 
Defoliation Interval on the Ruminal Degradability and 
Metabolic Usage of Ryegrass Nitrogen in Growing Lambs
Dry matter yield and chemical and nitrogen composition of 
rveorass
While statistical inference could not be made relative 
to forage yield, the yield (Table 12) seemed to parallel 
that observed in experiment I. In general, both 224 kg N/ha 
N fertilization and 6-wk DI increased the DM yield of 
ryegrass when compared with no N fertilization and 2-wk DI 
(2073 and 1658 vs 600 and 1015 kg DM/ha with 6-wk regrowth). 
Application of N fertilizer seemed to be more effective than 
increasing DI in improving forage growth (600 to 2073 kg 
DM/ha vs 1015 to 1657 kg DM/ha with 6-wk regrowth period). 
However, N content was higher in ryegrass when it was 
fertilized or harvested at a 2-wk regrowth interval than 
when unfertilized or harvested at 6-wk of regrowth (4.92 vs 
2.89 or 4.67 vs 3.15%, respectively). Increasing the rate 
of N fertilization reduced concentrations of NDF bound N 
(13.5 to 7.7% of plant N) and ADF bound N (7.63 to 3.39% of
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TABLE 12. Effect of Rate of Nitrogen Fertilization (NF) 
and Defoliation Interval (DI) on Dry Matter (DM) Yield, 
Plant Nitrogen Composition and Fiber Content of Ryegrass 
Used in the Lamb Metabolism Study
NF (kcr N/ha} DI (weeks)
0 224 2 6
DM produced within
42 days, kg/ha 600 2073 1015 1657
DM, % 22.0 14 .4 19.1 17.2
NDF, % of DM 44.2 38.6 39.6 43.2
ADF, % O f  DM 31.9 25.7 27.8 29.9
Total N, % O f  DM 2.98 5.04 4.80 3.22
N component, % of total N
BP1 soluble N 42.2 41.6 37.5 46.3
BP soluble NPN2 20.6 18.7 18.7 20.5
.2% NaOH soluble N 56. 5 54.7 53.5 57.7
.2% NaOH soluble NPN 14 . 6 17.3 14.1 17. 9
NDF bound N 13.4 7.7 12.0 9.1
ADF bound N 7.63 3.41 5.21 5.83
1BP - borate phosphate buffer. 
2Non-protein nitrogen.
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plant N) in ryegrass. However, concentrations of NDF bound 
N (12.0 to 9.2% of plant N) and ADF bound N (5.2 to 5.82% of 
plant N) in ryegrass changed little between 2- and 6-wk DI. 
Observed increases in contamination of 2-wk regrowth 
ryegrass with foreign material at this cutting height (due
to lower ryegrass yield caused by frequent defoliation) may 
have partially contributed to this finding. Small 
differences in .2% NaOH SN (62.5 vs 58.1% of plant N) and BP 
buffer SN (48.1 vs 44.9% of plant N) were observed between 0 
and 224 kg N/ha N fertilization. However, the
concentrations of .2% NaOH SN and BP buffer SN seemed to be
lower in ryegrass harvested at 2-wk regrowth than with 6-wk 
DI. The SNPN of ryegrass fertilized with and without 224 kg 
N/ha and harvested within 2- and 6-wk DI ranged from 13.7 to 
21.7% of plant N. The proportions of SNPN extracted in 
either .2% NaOH or BP buffer were lower in ryegrass with 2- 
wk than with 6-wk DI when it received 224 kg N/ha N 
fertilization. However, unfertilized ryegrass did not seem 
to be affected by DI.
Composition of experimental rations
Semi-purified corn starch supplied a negligible amount 
of N to the diets (about 1.4% of total dietary N). The 
amount of urea N supplied in the diets was fixed across the 
treatments. The ratio of ryegrass N to urea N across diets 
ranged from 55:43 to 76:23, depending on the N content of 
the treatment ryegrass. Both .2% NaOH SN and BP buffer SN
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concentrations were higher in diets containing unfertilized
than fertilized ryegrass (73.4 and 64.3 vs 67.0 and 57.0% of
dietary N) and in diets containing 6-wk than 2-wk regrowth
forages (73.0 and 66.0 vs 67.0 and 55.4% of dietary N) .
Because of the urea addition, the concentrations of dietary
SN were higher in the rations than in the ryegrass alone.
Intake and digestion of non-nitrogen nutrients in the rumen 
and total tract
Intake of DM, abomasa! flow and apparent ruminal 
digestibility of DM and OM were similar (P > .05) across 
treatments (Table 13). However, true ruminal DM (P < .05) 
and total tract DM (P < .001) digestibilities of diets 
containing fertilized ryegrass were higher than for diets 
containing unfertilized ryegrass. Also, there was an 
interaction (P < .05) between N fertilization and DI on true 
ruminal and total tract DM digestibility. This was in 
agreement with the findings of Panditharatne et al. (1986) 
and Van Vuuren et al. (1992). Nitrogen fertilization 
increased in vitro DM digestibility, apparently by delaying 
grass maturity (Goh and Kee, 1978). In our study, N 
fertilization decreased NDF and ADF content of ryegrass.
This suggested that more digestible forage would be produced 
by application of N fertilizer before the plant matures.
As a proportion of total tract OM digestion, ruminal OM 
digestibility tended to be lower in this study when compared 
to values reported by Beever et al. (1986a,* 1986b) in 
steers. It should be noted that the level of corn starch
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TABLE 13. Intake, Abomasal Flow and Ruminal and Total Tract 
Digestion of Nutrients by Growing Lambs Fed Ryegrass at Two 











DM 580 589 580 589
OM 515 523 514 523
NDF 120 106 107 119
ADF 86.7 70.9 75.2 82.5
Abomasal flow (g/d)
DM 344 323 342 325 9.43 .18 .27 .35
OM 246 239 249 236 9.10 .57 .36 .44
Microbial DM 68.5 72.1 72.6 68.1 5.20 .64 .56 .092
Digestibility (%)
True2 ruminal NDF 15.6 30.9 21.1 25.4 3.50 .022 .42 .69
True ruminal ADF 23.9 44.5 25.8 42.6 2.08 .001 .001 .057
True ruminal DM 52.6 57.5 53.7 56.4 1.22 .031 .17 .032
True ruminal OM 65.6 68.4 66.0 68.0 1.84 .32 .47 .11
Total tract DM 80.6 85.6 82.7 83.5 0.50 .001 .29 .025
Total tract NDF 56.8 68.3 60.4 64.7 1.29 .001 .057 .94
Total tract ADF 52.3 62.6 53.6 61.2 2.11 .011 .038 .83
Probability levels; NF = N fertilization; DI = defoliation 
interval; IND = interaction of N fertilization with 
defoliation interval.
2True digestibility of nutrients corrected for bacterial 
nutrient contribution.
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included in our diets could have had an impact on the site 
and extent of dietary fiber digestibility (Kennedy and 
Bunting, 1992). No differences (P > .05) were observed in 
abomasal flow of microbial DM and ash across treatments.
Intakes of NDF and ADF were lower for lambs fed diets 
containing fertilized ryegrass than for lambs fed 
unfertilized ryegrass (106 and 71 vs 120 and 86.7 g) and for 
lambs fed diets containing 2-wk than 6-wk regrowth ryegrass 
(107 and 75 vs 119 and 83 g). Higher NDF intake was 
observed for lambs fed diets containing unfertilized 
ryegrass with 6-wk regrowth when compared to the other 
treatments (N fertilization x DI; P < .01). Lambs fed diets 
containing fertilized ryegrass had higher ruminal (P < .05) 
and total tract (P < .001) NDF digestibilities than lambs 
fed diets containing unfertilized ryegrass. Lambs fed diets 
containing 6-wk regrowth ryegrass had higher ruminal (P < 
.001) and total tract (P < .05) ADF digestibilities than 
lambs fed diets containing 2-wk regrowth ryegrass. The 
lower digestibility of 2-wk regrowth ryegrass presumably 
was, again, related to the contamination of 2-wk regrowth 
ryegrass with foreign material which may have contained more 
refractory fiber as previously discussed.
Intake, abomasal flow and total tract digestion of dietary 
nitrogen components
With the exception of ADF bound N intake, lambs had 
greater intakes of dietary N, .2% NaOH SN, BP buffer SN and 
NDF bound N when fed 2-wk regrowth ryegrass than when fed 6-
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wk DI ryegrass (Table 14). Intakes of dietary N, .2% NaOH 
SN and BP buffer SN were higher for lambs fed fertilized 
than for those fed unfertilized ryegrass. However, intakes 
of NDF bound N and ADF bound N were higher for lambs fed 
diets containing unfertilized ryegrass than for those fed 
diets containing fertilized ryegrass.
Abomasal flow of total N was higher (P < .05) for lambs 
fed fertilized ryegrass than for those fed unfertilized 
ryegrass (15.84 vs 14.26 g N/d). Similarly, there was 
greater (P < .05) abomasal N flow in lambs fed 2-wk DI than 
in those fed 6-wk DI ryegrass (15.85 vs 14.26 g N/d). Acid 
detergent fiber bound N flow to the abomasum was higher (P < 
.05) in lambs fed either unfertilized or 2-wk DI ryegrass 
than in lambs fed fertilized or 6-wk regrowth ryegrass. 
Abomasal NH3 N flow was higher (P < .01) for lambs fed 
fertilized ryegrass than for those fed unfertilized 
ryegrass, and was higher (P < .05) for lambs fed 2-wk than 
for those fed 6-wk regrowth ryegrass. No difference (P > 
.05) was observed in abomasal flow of NDF bound N, microbial 
and nonmicrobial N, or in bacterial growth efficiency across 
N fertilization and DI treatments. However nonmicrobial N 
flow into the abomasum tended (P < .13) to be higher for 
lambs fed fertilized ryegrass or ryegrass harvested at 2-wk 
DI than for lambs fed unfertilized ryegrass or ryegrass 
harvested at 6-wk DI. Van Vuuren et al. (1991) stated that 
the flow of N components into the intestine varied little,
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TABLE 14. Dietary Nitrogen (N) Composition, Abomasal N Flow 
and N Retention in Lambs Fed Ryegrass at Two Rates of N 








0 224 2-wk 6-wk NF DI IND
Intake N, (g/d)
Total N 12.88 18.60 17.70 13.77
Borate—phosphate
buffer (PB) SN2 8.30 10.60 9.81 9.09
.2% NaOH SN 9.45 12.47 11.86 10.05
NDF bound N 2.60 1.28 2.16 1.72
ADF bound N 1.06 0.40 0.70 0.76
Abomasal N flow (g/d)
Total N 14.26 15.84 15.85 14.26 .388 .029 .028 .57
NDF bound N 3.51 2.92 3.04 3.38 .270 .17 .41 .90
ADF bound N 1.04 0.75 1.04 0.75 .075 .032 .031 .040
Microbial N 5.24 5.51 5.55 5.20 .396 .64 .56 .09
Nonmicrobial N 9.03 10.33 10.30 9.06 .492 .111 .125 .082
Ammonia N 0.67 1.15 1.04 0.78 .071 .003 .047 .44
Nonmicrobial, and
nonammonia N 8.37 9.18 9.27 8.28 .474 .27 .19 .062
Bacterial yield
g N/100 g DOM3 1.55 1.56 1.64 1.47 .099 .95 .28 .19
g N/100 g ADOM3 1.96 1.98 2.10 1.84 .159 .95 .29 .18
Urinary N, g/d 6.36 10.86 10.06 7.15 .215 .001 .001 .164
Fecal N, (g/d)
Total N 3.69 3.17 3.53 3.33 .153 .052 .412 .796
NDF bound N 1.19 0.76 1.01 0.94 .062 .003 .43 .97
ADF bound N 0.64 0.42 0.60 0.47 .031 .003 .023 .102
Digestible N (total
tract), g/d 9.18 15.43 14.18 10.44 .226 .001 .001 .018
% of intake N 71.01 82.07 79.01 74.70 1.034 .001 .026 .78
Retained N, g/d 2.83 4.58 4.12 3.29 .280 .005 .081 .21
% of intake N 21.8 24.3 22.7 23.5 1.53 .29 .72 .40
% of BP ISN* 64.0 58.4 51.3 71.2 3.51 .31 .007 .18
% of NaOH ISN 85.0 75.0 69.0 91.0 4.51 .17 .013 .066
Probability levels; NF = N fertilization; DI = defoliation interval;
IND = interaction of N fertilization with defoliation interval.
2Soluble N.
3Grams of bacterial N at the abomasum per 100 g of OM truly digested (DOM) 
or apparently digested (ADOM) in the rumen.
^Insoluble N.
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no matter how much dietary N intake changed. As dietary N 
intake decreased, the dietary carbohydrate to N ratio 
increased and a more efficient microbial synthesis likely 
occurred, compensating for the decrease in fermented OM. A 
similar result was reported by Siddons et al. (1985) and 
Glenn et al. (1989). Quantities of NAN entering the 
intestine tended to be higher (P < .18) in lambs fed 
fertilized ryegrass than for those fed unfertilized ryegrass 
(14.7 vs 13.6 g N/d, respectively). A similar trend (P = 
.14) was observed in 2- and 6-wk regrowth ryegrass (14.8 vs 
13.5 g N/d, respectively). When the N concentration of 
ryegrass was high, there seemed to be increasing net losses 
of NAN prior to the small intestine. These results are in 
agreement with those of Beever et al. (1986), Ulyatt et al.
(1988) and Van Vuuren et al. (1992). When growing steers 
were given immature ryegrass or clover, a significant 
proportion of intake N failed to reach the small intestine 
as amino N, apparently being absorbed as NH3 N from the 
rumen (Beever et al., 1985; 1986a; 1986b). The reduced 
proportion of NH3 N in the abomasal contents indicated that 
most of the NH3 N absorption occurred in the rumen and 
omasum.
Effect of nitrogen fertilization and defoliation interval on 
digestive and metabolic parameters of growing lambs
Ruminal passage rate and particulate residence time 
were similar (P > .05) among treatments (Table 15). 
Relatively low ruminal passage rates in lambs fed ryegrass
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TABLE 15. Effect of Nitrogen Fertilization and Defoliation 
Interval on Passage Rate of Ryegrass Through the Rumen
of Growing Lambs
Items K1 K2 TD
Overall 2.62 10. 36 18. 58
N fertilization
0 kg N/ha 2.62 10.24 17.15
224 kg N/ha 2.73 10.11 19.68
Defoliation interval
2 wk 2.83 9.96 18.01
6 wk 2.43 10.77 19.64
SE 0.29 0.77 0. 69
K, is the rate constant (%/h) for ryegrass passage from the 
rumen.
K2 is the rate constant (%/h) for distributing ingested 
ryegrass in the gastrointestinal tract.
TD is the time for first appearance of Yb-marked ryegrass 
in feces after feeding.
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were observed, probably because the DM intake of lambs was 
limited to 2.5% BW. Ruminal pH was higher (P < .05) in 
lambs fed fertilized ryegrass than those fed unfertilized 
ryegrass (Table 16). There was no difference (P > .05) in 
average ruminal pH in lambs fed ryegrass harvested at 2- or 
6-wk DI. The increased concentration of ruminal NH3 may 
have increased ruminal pH by dynamic equilibrium of NH3 and 
NH4+. Ruminal pH was lowest at 4 h post feeding, then it 
gradually increased until the next feeding. The increase in 
rumen fermentation activity and production of VFA likely 
accounted for the majority of ruminal pH changes.
Plasma urea N and ruminal NH3 N concentrations were 
greater (P < .001) in lambs fed fertilized ryegrass than in 
those fed unfertilized ryegrass (21.4 and 21.4 vs 13.3 and 
13.4 mg/dl, respectively). Also, there were higher 
concentrations of plasma urea N (P < .05) and ruminal NH3 N 
(P < .01) in lambs fed 2-wk regrowth ryegrass than in those 
fed 6-wk regrowth (Table 16). There was an interaction (P < 
.05) between N fertilization and DI on ruminal NH3 N 
concentration. The consistently high concentration of NH3 N 
in the rumen of lambs fed fertilized or 2-wk DI ryegrass 
indicated that ryegrass proteins may have degraded slowly 
although they were highly soluble. Nugent and Mangan (1981) 
compared the rate of proteolysis of casein and fraction I 
leaf protein, and concluded that the proteolytic rate of 
fraction I leaf protein was slower than the rate of
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TABLE 16. Concentrations of Plasma Urea Nitrogen (N), Rumen 
NH3 N and Total Free Amino Acids, and Rumen pH For Lambs Fed 
Ryegrass at Two Rates of N Fertilization and Defoliation
Intervals
N fertilization Defoliation 




Plasma Urea N, mg/dl 13.31 21.36 19.38 15.29 0.894
Rumen NH3 N, mg/dl
Overall means 13.39 21.41 20.44 14.36 0.897
Time after feeding
2 h 32.33 36.36 36.79 31.89 3.33
4 h 15.78 24.93 25.13 15.58 1.75
6 h 8.81 17.94 15.89 10.86 1.60
8 h 7.87 17.64 15.24 10.26 1.77
10 h 7.84 16.69 15.59 8.84 1.49
12 h 7.82 14.88 13.97 8.72 1.38
Rumen amino acids, mM
Overall means 5.89 7.49 6.73 6.45 0.789
Time after feeding
2 h 6.23 5.95 5.77 6.41 0.86
4 h 6.97 5.88 5.67 7.18 1.04
6 h 6.08 8.67 7.06 7.68 1.29
8 h 6.74 9.80 8.64 7.90 1.07
10 h 4.84 7.61 6.81 5.65 0.78
12 h 4.67 7.03 6.42 5.08 1.02
Rumen pH
Overall means 6.22 6.41 6.36 6.28 0.055
Time after feeding
2 h 5.91 6.44 6.24 6.11 0.112
4 h 5.82 6.06 6.10 5.79 0.071
6 h 5.93 6.18 6.06 6.05 0.071
8 h 6.29 6.40 6.34 6.35 0.092
10 h 6.60 6.62 6.63 6.59 0.069
12 h 6.79 6.77 6.80 6.77 0.076
,20 .95 37
.053 .32 .59
Probability levels; NF = N fertilization; DI = defoliation 
interval; IND = interaction of N fertilization with 
defoliation interval.
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proteolysis of casein. It should also be noted that 
freezing forage, as in our study, has been shown to reduce 
the SN fraction of herbage (MacRae, 1970).
Higher plasma urea N concentrations imply greater NH3 N 
loss prior to the duodenum and (or) poor N usage for tissue 
protein synthesis (Huntington et al., 1988; Glenn et al., 
1989). This is in agreement with the abomasal NAN flow, 
which was less than N intake when lambs were fed fertilized 
ryegrass or ryegrass harvested at 2-wk regrowth. The 
apparent loss of NH3 N from the rumen of lambs fed ryegrass 
may have been due to highly active bacterial proteases 
(Nugent and Mangan, 1981; Anderson et al., 1988) and 
imbalances between the rate of dietary N degradation and 
available fermentable energy (Beever and Siddons, 1986).
Lambs fed fertilized ryegrass excreted more (P < .001) 
urinary N than lambs fed unfertilized ryegrass (Table 14). 
Similarly, the urinary N excreted was higher (P < .001) in 
lambs fed 2-wk DI ryegrass than in those fed 6-wk DI 
ryegrass. Such inefficient utilization of forage N was 
attributed to the rapid and extensive rumen degradation of 
NPN and SN, resulting in high rumen NH3 level, inefficient 
microbial capture of this NH3, and consequent loss of NH3 
across the rumen wall, with subsequent excretion in the 
urine. However, N fertilization and DI did not affect (P > 
.05) fecal N excretion, even though fecal NDF and ADF bound 
N outputs were lower (P < .01) in lambs fed fertilized
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ryegrass than in those fed unfertilized ryegrass. The fecal 
ADF bound N output was higher (P < .05) in lambs fed 2-wk 
regrowth ryegrass than in those fed the 6-wk regrowth 
forages. Apparent digestion of dietary N was higher (P < 
.001) for lambs fed fertilized compared to unfertilized 
ryegrass, and was higher (P < .05) for lambs fed 2-wk versus 
6-wk regrowth ryegrass. Lambs retained more (P < .01) N 
when fed fertilized than unfertilized ryegrass. However, 
lambs tended (P > .08) to retain more N when fed 2-wk 
regrowth ryegrass than when fed 6-wk regrowth ryegrass (4.12 
vs 3.29 g N/d, respectively). Efficiencies of dietary N 
utilization by growing lambs were similar (P > .05) across 
treatments when retained N was expressed on the basis of 
dietary N intake. MacRae and Ulyatt (1974) found that for 
each extra unit of N supplied from perennial short-rotation 
ryegrass, 43% of the N was absorbed as amino N, but only 60% 
of absorbed N was retained by sheep.
Estimates of abomasal dietary N flow reflect the 
degradability of dietary N components in the forestomach. 
Some justification should be made for this assumption. Van 
Vuuren et al. (1991) stated that the determination of 
undegraded feed N as the difference between the total NAN 
and microbial N flow out of rumen could overestimate the 
true undegraded dietary N, because of contamination with 
endogenous N, such as sloughed rumen epithelial cells or 
salivary N (ARC, 1984b; 0rskov, 1982). Also, there is some
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evidence (Chamberlain et al., 1989) indicating that the 
pattern of digestion in cattle may differ from that of sheep 
in that substantial losses of N between the mouth and 
duodenum occur at N concentrations much lower than that used 
in this study. In our study, with each 1-g increase of 
plant N intake, the expected amount of plant N passing 
undegraded through the forestomach was .14 and .25 g, 
respectively. This indicated that 75 to 86% of ryegrass 
protein failed to escape the rumen undegraded. Similar 
results were observed by Lindberg (1988), Van Vuuren et al. 
(1991) and Van Vuuren et al. (1992) in pasture forages.
In the present study, the amount of N retained by the 
growing lambs was highly correlated to the amount of dietary 
N consumed (Table 17). Overall, although plant N content 
was higher in 2- than 6-wk regrowth, unfertilized ryegrass 
(3.47 vs 2.32% of DM), N retention was not (P > .05) 
correlated with the N fractions measured in this study.
This indicated that some N parameters, such as abomasal N 
flow (r = .69; P < .01) measured in this study could not be 
used accurately to predict the growing animals' response to 
N fertilization when ryegrass was at a very young and lush 
stage.
Acid detergent fiber bound N of ryegrass represented 
only 2 to 5% of total plant N. However it was negatively 
correlated (r = -.6; P < .05) with retained N.
Particularly, at 2-wk regrowth forage, the highly negative
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TABLE 17. Correlation Coefficients Between Retained1 Nitrogen
and Other Nitrogen Parameters
N fertilization Defoliation 
kg N/ha interval
Overall 0 224 2-wk 6-wk
Total N intake; r ipl 0.84 0.56 0.81 0.84 0.84.0001 .145 .014 .009 .010
BP3 soluble N 0.83 0.54 0.81 0.78 0.89
.0001 .168 .015 .022 .003
.2% NaOH soluble N 0.84 0.50 0.84 0.79 0.89
.0001 .203 .0087 .019 .003
Ryegrass N intake 0.81 0.49 0.77 0.84 0.76
.0002 .22 .026 .010 .027
BP soluble N 0.80 0.46 0.83 0.79 0.78
.0002 .246 .010 .019 .023
BP insoluble N 0.78 0.48 0.71 0.85 0.75
.0004 .229 .050 .007 .034
.2% NaOH soluble N 0.80 0.39 0.79 0.79 0.80
.0002 .339 .018 .019 .017
2% NaOH insoluble N 0.80 0.54 0.73 0.87 0.72
.0002 .171 .040 .005 .046
BP soluble PPN4 0.77 0.09 0.82 0.74 0.82
.0006 .84 .014 .036 .013
.2% NaOH soluble PPN 0.77 0.33 0.74 0.77 0.87
.0006 .42 .037 .025 .005
BP soluble NPN5 0.73 0.41 0.73 0.90 0.74
.0014 .307 .039 .002 .038
.2% NaOH soluble NPN 0.71 0.51 0.47 0.85 0.69




TABLE 17. Correlation Coefficients Between Retained1 Nitrogen
and Other Nitrogen Parameters
N fertilization Defoliation 
kg N/ha interval
Overall 0 224 2-wk 6-wk
NDF bound N
ADF bound N
-0.40 0.41 -0.15 -0.67 -0.07
.126 .32 .716 .069 .87
-0.60 0.23 -0.44 -0.73 -0.24
.015 .59 .271 .038 .57
Abomasum N flow / 0.69 0.58 0.71 0.54 0.83
003 .126 .047 .167 .0121°:
(°:Non-NH3 and -microbial N I 0.49 0.63 0.35 0.28 0.75056 .097 .389 .50 .031
Non-ADF bound N (0.75 0.66 0.72 0.65 0.85
.0009 .076 .045 .084 .008
1°:Non-NH3 N (0.65 0.62 0.70 0.49 0.80006 .101 .052 .22 .017
Non-NH3 and -ADF bound N (0.72 0.69 0.71 0.62 0.82
i .0017 .058 .046 .103 .013
N absorbed in intestine (0.71 0.51 0.76 0.62 0.79
21 .029 .102 .021
| 0.
1 .0024 .
1Retained N in growing wether lambs was measured in the 
metabolism trial.
2r and P = correlation coefficients and their probability 
level of significance of variables, respectively.
3Borate-phosphate buffer.
4TCA precipitated soluble protein N.
5Soluble nonprotein N,
correlation coefficient (r = -.73; P < .05) suggested that a 
rate of 224 kg N/ha fertilization decreases the ADF bound N 
content and increases the N retention in lambs when compared 
with no N fertilization (1.9 vs 5.2% of total plant N and 
5.57 vs 2.97 g N/d, respectively). Although the 
solubilities of plant N ranged from 46.5 to 60.3% in BP 
buffer and .2% NaOH, both BP buffer and .2% NaOH SN values 
had similar abilities to predict dietary N usage in growing 
lambs (r = .83; P < .0001 and r = .84; P < .0001). Among 
the N parameters measured in this study, total plant N and 
.2% NaOH SN were highly correlated (r = .84; P < .0001) with 
dietary N retention by growing lambs. Therefore, while the 
N composition of growing forages was not significantly 
altered by either N fertilization or DI, total plant N and 
.2% NaOH SN were useful indices of N usage in lambs fed 
fresh forage.
The results of this experiment suggest that:
1). Nitrogen fertilization increases the yield and 
concentration of plant N and decreases the DM content of 
ryegrass.
2). As stated in the previous experiment, N 
fertilization did not affect the proportion of N components, 
such as .2% NaOH SN, SPPN or SNPN of ryegrass. However, N 
fertilization decreased the concentrations of NDF bound N 
and ADF bound N in annual ryegrass.
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3). When the yield of both DM and plant N are of 
interest, application of N fertilizer is preferable to 
shorter DI.
4). Based on ruminal bacterial yield in this study, an 
increase in dietary N content above 25 g N/kg OM could not 
further improve bacterial growth efficiency.
5). The highest concentration of rumen free AA occurred
8 h after feeding. This indicated that the rate of
proteolysis of ryegrass proteins was relatively slow even 
though the proteins were highly soluble.
6). Lambs retained more N when fed fertilized ryegrass 
than when fed unfertilized ryegrass and when fed ryegrass 
harvested at 2-wk than 6-wk regrowth.
7). Lambs seemed to utilize ryegrass N at a relatively 
similar efficiencies regardless of the N content of forages.
8). While plant N distribution was not altered as
significantly as total plant N concentrations, either total 
plant N or .2% NaOH SN can be used to predict the dietary N 
usage in growing animals.
GENERAL DISCUSSION AND CONCLUSIONS
When considering the N solubilities of annual ryegrass 
and clover in varied solvents, low solvent pH seemed to be 
the dominant factor influencing plant N extraction. Because 
low pH can denature and coagulate plant proteins (most being 
enzymes) in growing forages, the forage proteins became less 
soluble when the pH fell below 4. The high dicarboxylic 
acid content of growing forages likely decreases the 
isoelectric pH at which proteins became electrical neutral 
molecular and, thus less soluble. However, the plant 
proteins were highly solubilized in .2% NaOH (pH 12). High 
solubility of plant N in .2% NaOH may have been due to the 
release of sequestered proteins by rupturing the plant cell 
membrane. In this way, ruminal pH may influence the plant N 
solubility and subsequently the amount of dietary protein 
that escapes rumen degradation, because SN compounds are 
usually degraded in the rumen. Autoclaved rumen fluid, 
dilute salt solution and BP buffer showed similar abilities 
to extract plant N, largely in relation to their ionic 
strengths.
The 15% or higher concentrations of TCA needed to 
precipitate the soluble plant proteins indicated that the 
size of plant proteins was generally small, and that the 
chemical properties of the proteins were heterogenous. This 
finding is consistent with the variety of enzymes needed to 
carry out the varied metabolic functions of the plant. The
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determination of plant SN fractions in growing forages may 
be of value in predicting the ruminal degradability and 
usage of dietary N in terms of balancing fermentable energy 
and available N in the rumen of forage-fed animals.
Either application of N fertilizer, a decrease in DI, 
or a combination of the both, increased ryegrass DM yield 
and plant N content, and decreased plant DM content.
Ryegrass receiving 335 kg N/ha fertilizer and harvested at 
6-wk DI produced the highest yields of plant N when compared 
to other regimes. However, concentrations of plant N, SN, 
SPPN and SNPN were similar between ryegrass harvested at 6- 
wk regrowth with 335 kg N/ha and ryegrass harvested at 2-wk 
regrowth without N fertilization. Growing lambs showed 
similar efficiencies in using ryegrass N of a similar 
chemical make-up and physical properties. Application of N 
fertilizer was more effective than a shorter DI in 
increasing forage quality and yield. In general, 2-wk DI 
severely decreased forage DM and N uptake, even though 
frequent defoliation maintained adequate plant N content at 
low levels of available soil N. Frequent defoliation 
reduces photosynthesis by reducing leaf area. The initial 
low rates of photosynthesis following severe defoliation 
arise from the inability of plant to reduce N03' (Qurry et 
al., 1988) and the inefficiency of photosynthesis (Parsons 
et al., 1988) in newly regrown shoots. On the other hand, 
optimal DI can improve photosynthesis by altering the leaf
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age structure. Within the leaf canopy, the photosynthetic 
activity declines as the leaves become increasingly shaded. 
With this decline in leaf photosynthetic capacity, that N 
associated with the photosynthetic apparatus is mobilized 
out of the leaves. Therefore, plant N concentrations 
declined when forages became mature. Optimum DI for forage 
production maximizes both the leaf photosynthetic capacity 
and leaf area duration. At adequate N fertility, for winter 
annual forages, 4- to 6-wk regrowth duration seemed optimum, 
particularly at early growing season.
Neither N fertilization, DI, nor a combination of both 
affected plant N fractionation in annual ryegrass. With 
respect to bioavailability of plant N for absorption and 
usage by the animal, the nutritional quality of plant N in 
either fertilized or shorter DI ryegrass appeared to be 
superior to that of unfertilized or longer DI ryegrass.
While increasing the DI from 2- to 6-wk resulted in a linear 
decrease in the concentration of plant N present in SN, SPPN 
and SNPN pools, the distribution of plant N components did 
not vary with the growth stages of the forages. A linear 
increase in the concentrations of SN, SPPN and SNPN was 
observed with increasing rates of N fertilization.
Throughout the growing season, the 335 kg N/ha fertilizer 
level did not result in accumulation of any N metabolites to 
unusually high levels, because absorbed N seemed to be
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distributed throughout the plant N metabolic pools uniformly 
in our study.
Plant N content and the distribution of N in plant N 
pools varied with advancing growing season. There was an 
interaction between growing season and N fertilization, as 
well as DI. Environmental factors, such as temperature and 
rainfall, probably caused these predictable changes. High 
concentrations of total N and low concentrations of SN 
occurred in ryegrass harvested late in the growing season, 
which was characterized by moderately high environmental 
temperatures. High temperatures may increase leafiness and 
(or) cell wall (lignin) of forages. A greater proportion of 
ryegrass protein might be expected to escape rumen microbial 
degradation in forages grazed late in the season.
It seemed that the concentrations of plant N components 
varied little among DI in the early growing season.
However, DI had greater effects with advancing season. This 
suggested that the early growing season favored a longer DI, 
while a shorter DI was preferred in late growing season. In 
contrast, greater responses to N fertilization were observed 
in early rather than late in the growing season.
Concentrations of SN and SPPN tended to be higher in 
clover with 2-wk DI than with 4- or 6-wk DI. However, DI 
did not affect the SNPN concentration in clover. Overall, 
the distribution of N in plant N pools was not affected by
138
DI. When compared to ryegrass, plant N and SN content in 
clover declined with advancing growing season.
Regardless of the level of N fertilization or DI regime 
imposed on ryegrass or the DI employed with clover, 
approximately 50% of plant N in ryegrass and 40% of plant N 
in clover were found to be .2% NaOH soluble, with 60% of 
this SN being of true protein origin. Regardless of the 
management regime, 65 to 70% of plant N in ryegrass and 60 
to 65% of plant N in clover had disappeared from nylon bags
after 7 h ruminal incubation.
The abomasal flow of nonmicrobial and nonammonia N was
approximately 50% of N intake in lambs fed diets containing
ryegrass receiving 224 kg N/ha. Seventy-five to 85% of 
ryegrass N was degraded in the rumen based on the method of 
difference in N intake. It seemed that there was 
significant endogenous N contamination. It is generally 
recognized that a high proportion of plant N components in 
fresh vegetation fails to escape rumen bacterial 
degradation. Large losses of forage N between the mouth and 
the intestines are attributed to the rapid digestion and 
absorption of N components as ammonia. This was 
substantiated in this study by the high levels of rumen NH3 
N and PUN in lambs fed fertilized ryegrass or ryegrass 
harvested at 2-wk DI. Both the low digestibility and slow 
rate of degradation of structural carbohydrate in forages 
contributes to the reduced flow of microbial protein out of
the rumen, because available energy is poorly matched with 
ammonia release from the forage. An adequate supply of 
absorbable N from pasture forage would seem to be the first 
limiting factor to maximum utilization of growing forages. 
However, both N fertilization and frequent defoliation can 
increase the N content of forages, with the potential to 
supply more total dietary N to the intestine. This was 
likely the case in this study, because lambs retained more 
N when fed ryegrass either fertilized or harvested within 
2-wk DI.
This study indicated that the rate of N fertilization 
and DI used did not materially change the plant N 
composition of annual ryegrass or annual clover. An 
increase in total plant N content would not affect the 
efficiency of its usage in growing animals as long as the 
distribution of plant N remains the same. Therefore the 
total plant N and .2% NaOH SN showed an equal ability to 
predict protein quality and its usage in growing forages for 
grazing animals.
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APPENDIX A
COMPOSITION OF BURROUGHS* MINERAL MIXTURE1
Chemicals g/L
Sodium phosphate, monobasic, NaH2P04.H20 26.25
Sodium bicarbonate, NaHC03 26.25
Ammonium sulfate, (NH4)2S04 18.75
Potassium chloride, KC1 3.75
Sodium chloride, NaCl 3.75
Magnesium sulfate, MgS04.7H20 1. 13
Calcium chloride, CaCl2.2H20 . 37
Ferrous sulfate, FeS04 . 08
Manganous sulfate, MnS04.H20 . 04
Zinc sulfate, ZnS04.7H20 . 04
Copper sulfate, CuS04.5H20 .02
Cobalt chloride, Co C12.6H20 . 01
burroughs' mineral mixture (1950. J. Nutr. 40:9)
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APPENDIX B
EXAMPLE1 OF ANALYSIS OF VARIANCE FOR PLANT NITROGEN CONTENT




Defoliation interval (DI) 
Nitrogen fertilization (NF) 
Fungicide x DI 
Fungicide x NF 
DI x NF
Fungicide x DI x NF 
Error2 (a)
Cutting Date (CD)
CD x DI 
CD x NF
CD x Fungicide
CD x DI x NF
CD x NF x Fungicide
CD x DI x Fungicide
CD x DI x NF x Fungicide
Error (b)
df SS F Prob > F
1 0. 006 0.13 NS
1 0.028 0. 67 NS
2 8.816 106. 0 0.0001
3 7.607 61.0 0.0001
2 0. 031 0.37 NS
3 0. 078 0.63 NS
6 0.415 1. 66 NS
6 0. Ill 0.45 NS
23 0.956
2 8.040 116.9 0.0001
4 5.542 40.3 0.0001
6 3 .189 15. 5 0.0001
1 0. 194 5.7 0. 05
12 0.590 1.43 NS
6 0. 110 0. 53 NS
4 0.120 0.90 NS
12 0.402 1. 00 NS
49 1.687
1The same components used in analysis of variance for plant 
nitrogen fractionation in annual ryegrass.
2Error a is the pool of sum of squares of interaction of 




EXAMPLE1 OF ANALYSIS OF VARIANCE FOR RUMINAL AMMONIA 









NF x Sampling time 
DI x Sampling time 
NF x DI X sampling time 
Error (b)
df SS F Prob > F
1 887.2 22.9 0.003
1 1542.2 39.9 0. 001
1 86.5 2.2 0.18
3 215.1 1.9 0.24
3 292.8 2.5 0.15
6 232.0
5 6352.5 46.6 0.0001
5 93.3 0. 68 0.64
5 67. 3 0.49 0.78
5 345.9 2.54 0.04
60 636. 0
1The same components used in analysis of variance for 
parameters measured in metabolism trial.
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APPENDIX D
EFFECT OF NITROGEN FERTILIZATION AND DEFOLIATION INTERVAL
ON NITROGEN CONTENT OF RYEGRASS AT THREE HARVESTS
Defoliation
interval2






2-week 2.47 2.53 2.83 3 . 01 2 .73y 0.046
4-week 1.88 2.09 2.38 2.59 2.2 3X 0. 053
6-week 2.00 1.94 2 .17 2.51 2 .16x 0. 066
Mean 2 .12a 2 .17a 2 .46b 2 . 71c 0. 033
SE 0.072 0.037 0. 060 0.042 0. 029
abcMeans within a row having different superscripts differ 
(P < .01).
xyMeans within a column having different superscripts 
differ (P < . 01) .
1Linear effect (P < .001) and quadratic effect (P < .01). 
2Linear effect (P < .001) and quadratic effect (P c.Ol).
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APPENDIX E
EFFECT OF NITROGEN FERTILIZATION AND DEFOLIATION INTERVAL 




N fertilization fkcr N/ha) 
0 112 224 336
Mean SE
o. OF DM 1'O
2-week 1.19 1.22 1. 39 1.50 1.33y 0. 035
4-week 0.92 1. 01 1.18 1.30 1.10x 0.032
6-week 1.06 0.98 1.15 1.25 1. llx 0. 054
Mean 1. 05a 1. 06a 1. 24b 1.35° 0. 025
SE 0.050 0.028 0.042 0.040 0. 021
----  % of total plant N
2-week 48.4 50.1 49.6 49.8 49.1 0.93
4-week 49.3 48.5 49.5 50. 0 49.3 1. 05
6-week 53.4 50.7 52 .4 50.8 51.9 1.59
Mean 50.2 49.5 50.5 50.2 0.72
SE 1.35 1.19 1.06 1.46 0. 62
abcMeans within a row having different superscripts differ 
(P < .01).
xyMeans expressed on the same basis within a column having 
different superscripts differ (P < .05).
1Linear (P < .001) effects of N fertilization on .2% NaOH 
SN content of ryegrass; linear (P < .01) and quadratic (P 




EFFECT OF NITROGEN FERTILIZATION AND DEFOLIATION INTERVAL 
ON TRICHLOROACETIC ACID PRECIPITABLE PROTEIN NITROGEN 
CONTENT OF RYEGRASS AT THREE HARVESTS
Defoliation
interval
N fertilization (kcr N/ha) 




2-week 0.79 0.79 0.85 0.97 0.85y 0. 039
4-week 0.56 0. 63 0.74 0.85 0.69x 0. 030
6-week 0.68 0.62 0.80 0.84 o • 'j X 0. 044
Mean 0. 67a 0. 68a
.aOCO•O
ucnCO•o 0. 027
SE 0. 046 0.035 0.032 0. 041 0. 023
----  % of total plant N
2-week 32.1 33.7 30.4 32.6 31.7 1.20
4-week 30.3 30.5 31.4 32.8 31.4 1.31
6-week 34.1 32.6 36.8 34 .4 34 . 3 1.43
Mean 32 .1 31.8 32.9 33 . 3 1. 04
SE 1. 68 1.40 1. 08 1.45 0.91
abcMeans within a row having different superscripts differ 
(P < .01).
xyMeans expressed on the same basis within a column having 
different superscripts differ (P < .05).
1Linear (P < .001) effect of N fertilization on 15% TCA PPN 
content of ryegrass; linear (P < .05) and quadratic (P 




EFFECT OF NITROGEN FERTILIZATION AND DEFOLIATION INTERVAL 










2-week 0.40 0.42 0.54 0.53 0.48y 0. 021
4-week 0.36 0. 38 0.44 0.45 0 . 4 lx 0. 025
6-week 0. 38 0.36 0.34 0.41 0. 37x 0. 030
Mean 0. 38a 0. 38a 0. 44b 0. 46b 0. 015
SE 0. 027 0. 026 0.026 0. 023 0. 013
% of total plant N -
2-week 16.3 16.5 19.2 17.2 17.4 0.82
4-week 19. 0 18. 0 18.1 17.2 18. 0 0.91
6-week 19. 3 18.2 15. 6 16.5 17.4 1.41
Mean 18.2 17.7 17.6 16.9 0. 63
SE 1.35 1.23 0.80 0.76 0.56
abcMeans within a row having different superscripts differ 
(P < .05).
xyMeans expressed on the same basis within a column having 
different superscripts differ (P < .05).
1Linear (P < .01) effect of N fertilization and linear 




EFFECT OF HARVEST DATE AND DEFOLIATION INTERVAL ON NITROGEN





Jan. 27 2.28 2.28
Feb. 22 2.21 2.20 2.21
March 1 2.46 2.24 2.55 2 .42y 0. 054
March 15 3.32 3.32
March 28 3.27 2.55 2.91
April 13 2.49 1.95 1.75 2 . 05x 0. 045
April 26 3.26 2.92 3 . 09
May 10 2 .29 2.29
May 24 3.21 2.50 2 . 17 2 . 63z 0. 041
Mean2 2 .90c 2 . 43b 2 .16a 0. 029
SE 0. 074 0. 056 0. 057
abcMeans within a row having different superscripts differ 
(P < .01).
xyzMeans within a column having different superscripts 
differ (P < .01).
1Extra-plots were added to permit 4-wk regrowth forage to 
be harvested on April 13.
2Means of data after staging harvest (Feb. 22).
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APPENDIX I
EFFECT OF HARVEST DATE AND DEFOLIATION INTERVAL ON .2% NaOH







Jan. 27 1.26 1.26
Feb. 22 1.33 1.29 1.31
March 1 1. 35 1.24 1.34 1.31* 0. 046
March 15 2.21 2.21
March 28 2 .12 1.42 1.77
April 13 1.25 0.95 1. 03 1. 07x 0. 035
April 2 6 1.65 1.44 1. 55
May 10 1.11 1.11
May 24 1.38 1.12 0.96 1.15y 0. 025
Mean2 1. 58c 1.23b 1. lla 0. 021
SE 0.052 0. 046 0. 041
O.'O of total plant N
Jan. 27 54.9 54.9
Feb. 22 58.4 56.0 57.2
March 1 54 .4 54.6 52.5 53. 8y 1.57
March 15 65. 3 65. 3
March 28 65.0 56.2 60. 6
April 13 50.9 48.7 58.9 52. 9y 1. 05
April 26 50.5 49.2 49.9
May 10 48.3 48.3
May 24 42.9 44.6 44.0 43. 8X 0.46
Mean2 53. 7b 50. 6a 51. 9ab 0. 50
SE 1.21 1.37 1.37
abcMeans within a row having different superscripts differ 
(P < .05).
xyzMeans expressed on the same basis within a column having 
different superscripts differ (P < .05).
1Extra-plots were added to permit 4-wk regrowth forage to 
be harvested on April 13.
2Means of data after staging harvest (Feb. 22).
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APPENDIX J
EFFECT OF HARVEST DATE AND DEFOLIATION INTERVAL ON 
TRICHLOROACETIC ACID PRECIPITABLE PROTEIN NITROGEN CONTENT
OF RYEGRASS
Defoliation intervals1 Mean SE
Harvest date 2-week 4-week 6-week
o. ~ .c:'o O I DiYl
Jan. 27 0.91 0.91
Feb. 22 0.96 0.90 0.93
March 1 0.80 0.72 0.91 0.81y 0. 044
March 15 1. 69 1. 69
March 28 1.58 1. 00 1.29
April 13 0.93 0. 69 0.73 0.78y 0. 032
April 2 6 1.09 1.00 1.05
May 10 0.77 0.77
May 24 0.83 0. 67 0. 56 0. 69x 0. 025
Mean2 1.10c o • 00 to cr 0. 74a 0. 018
SE 0.044 0. 037 0. 036
... P* A <P Ja A 1 XT ..'o O I  u O O a l  In
Jan. 27 40.0 40.0
Feb. 22 42.2 39.2 40.7
March 1 32.6 39.1 35.5 35.7y 1.51
March 15 49.4 49.4
March 28 48. 6 39.7 44.2
April 13 37.8 35.5 42.1 •COn 1. 06
April 26 33.5 34.1 33.8
May 10 33.6 33 . 6
May 24 25.9 26.4 25.9 26. lx 0.70
Mean2 37. lb 33 .4a 34 . 3ab 0.51
SE 1.24 1.23 1.22
abcMeans within a row having different superscripts differ (P < .01). 
xyMeans expressed on the same basis within a column having different 
superscripts differ (P < .01).
hExtra-plots were added to permit 4-wk regrowth forage to be harvested 
on April 13.
2Means of data after staging harvest (Feb. 22).
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APPENDIX K
EFFECT OF HARVEST DATE AND DEFOLIATION INTERVAL ON .2% NaOH






'o u j l  u n
Jan. 27 0.34 0.34
Feb. 22 0. 37 0.38 0.37
March 1 0.55 0.52 0.43 0. 49y 0. 029
March 15 0.53 0. 53
March 2 8 0.53 0.42 0.48
April 13 0.33 0.26 0.30 0. 29x 0. 016
April 2 6 0.55 0.44 0. 50
May 10 0. 34 0.34
May 24 0. 55 0.45 0.40 0.46y 0. 017
Mean2 uCO.o 0. 42b 0. 37a 0 .  0 1 1
SE 0. 023 0.022 0. 024
----  % of total plant N
Jan. 27 14.9 14.9
Feb. 22 16.3 16.8 16.6
March 1 21.8 22.7 17.0 20.5Z 1.20
March 15 15.9 15.9
March 28 16.4 16.8 16. 6
April 13 13.2 13.3 17.0 14. 5X 0.93
April 2 6 17.5 15.2 16.4
May 10 14.6 14.6
May 24 17. 0 18.2 18.1 17. 8y 0. 62
Mean2 16. 6 17.1 17.4 0.38
SE 0. 68 0.78 1. 09
abcMeans within a row having different superscripts differ (P < .01). 
xyzMeans expressed on the same basis within a column having different 
superscripts differ (P < .01).
1Extra-plots were added to permit 4-wk regrowth forage to be harvested 
on April 13.
2Means of data after staging harvest (Feb. 22).
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APPENDIX L
EFFECT OF HARVEST DATE AND NITROGEN FERTILIZATION ON
NITROGEN CONTENT (% OF DM) OF RYEGRASS
Harvest date





Jan. 27 1.76 2.01 2.43 2.91 0.096
Feb. 2 2 1. 35 1.86 2.60 2.99 0.092
March 1 1.93 2.13 2.59 3.03 0. 069
March 15 2.17 2.91 4.03 4.45 0.121
March 28 2.75 2.59 3.02 3.40 0.078
April 13 2.07 1.91 2.11 2.14 0.048
April 2 6 3. 13 3.06 3.07 3.07 0. 121
May 10 2.10 2.86 2.20 2.14 0.129
May 24 2.35 2.49 2.70 2.98 0. 041
Mean 2 . 2 la 2 . 35b 2 . 68c to • O a 0.029
Mean1 2 . 35a 2 . 44a to « o cr 2 . 89c 0. 033
SE 0. 081 0.073 0.064 0.069
abcdMeans within a row having different superscripts differ 
(P < .01).
1Means of data after staging harvest (Feb. 22).
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APPENDIX M
EFFECT OF HARVEST DATE AND NITROGEN FERTILIZATION ON
.2%NaOH SOLUBLE NITROGEN CONTENT OF RYEGRASS
Harvest date
N fertilization (kcr N/ha) SE
0 112 224 336
O, ^  -p pkT/r
'o or jjjyj.
Jan. 27 0.94 1. 09 1.44 1.56 0. 078
FEB, 22 0. 67 1.01 1.59 1.97 0. 095
March 1 0.99 1.13 1.47 1. 63 0. 059
March 15 1.11 1.97 2.78 3.27 0. 061
March 28 1.63 1.65 1.82 2.05 0. 053
April 13 1.14 1. 00 1.07 1. 09 0.033
April 26 1.49 1.59 1.54 1.54 0. 108
May 10 1. 00 1.46 1.05 1. 00 0. 083
May 24 1. 02 1.06 1.17 1.35 0. 026
Mean 1. 13a 1. 25b 1.46c 1. 59d 0.021
Mean1 1.19a 1. 30b 1. 45c 1. 54d 0. 023
SE 0.051 0.058 0. 054 0. 051
----  % of total plant N
Jan. 27 52.8 53.8 59.3 53.6 2.64
Feb. 22 47.5 54.3 60.9 66.1 3 . 09
March 1 51.7 53 .1 56.8 53 .7 1.71
March 15 51.1 67.6 69.0 73.4 1.87
March 28 59.4 63 .4 59.5 60.0 2 . 15
April 13 55.5 53.6 51. 1 51.4 1.21
April 26 47.5 50.9 50.1 51.0 1. 69
May 10 48.0 49.8 47.8 46.7 1.40
May 24 43.8 42.5 43.6 45.4 0.53
Mean 51. 0a 53 . lab
-QO•in 54. 0b 0. 61
Mean1 51. 0 52.9 52.7 52.4 0.59
SE 1.43 1.74 1.30 1.39
abcdMeans within a row having different superscripts differ
(P < .05).
'Means of data after staging harvest (Feb. 22) .
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APPENDIX N
EFFECT OF HARVEST DATE AND NITROGEN FERTILIZATION ON 
TRICHLOROACETIC ACID PRECIPITABLE PROTEIN NITROGEN CONTENT
OF RYEGRASS
N fertilization (kg N/ha) SE
Harvest Date 0 112 224 336
O. —  -C
'o Oil DM
Jan. 27 0.67 0.80 1.09 1.10 0. 067
Feb. 22 0.46 0.74 1.14 1.40 0. 068
March 1 0. 61 0. 68 0.91 1. 05 0. 053
March 15 0.73 1.58 2.20 2.43 0.066
March 28 1.17 1.23 1.36 1.47 0. 045
April 13 0.80 0.75 0.78 0.80 0. 030
April 2 6 1. 00 1.09 1. 06 1.01 0.093
May 10 0. 69 1. 02 0.75 0.70 0. 064
May 24 0.60 0. 62 0. 69 0.83 0. 024
Mean 0. 75a -QCO•o 1. 02c 1. 09c 0.018
Mean1 0. 79a .aCO•O 1. 00c 1. 05c 0. 020
SE 0.041 0.055 0.040 0. 041
---  % of total plant N
Jan. 27 37.5 39. 5 45.0 37.9 2.56
Feb. 22 32.5 39.7 43.8 46.8 2.35
March 1 32.2 31.6 35.2 34.3 1.75
March 15 33.6 54. 1 54.6 55.1 2.28
March 28 42.7 47.0 44.2 42 . 5 1. 60
April 13 38.8 40.0 37.7 37.4 1.23
April 2 6 31.7 34.7 34.8 33.9 1.79
May 10 32.9 34.6 34.1 32.4 1.28
May 24 25.6 25.1 25.7 27.9 0.81
Mean 33.9a 36.7b 37. 5b 36.8b 0.72
Mean1 33.6 35.5 36.0 36.2 0.76
SE 1.32 1.72 1.15 1.35
abcMeans within a row having different superscripts differ
(P < .05) .
1Means of data after staging harvest (Feb. 22) .
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APPENDIX O
EFFECT OF HARVEST DATE AND NITROGEN FERTILIZATION ON
0.2% NaOH SOLUBLE NONPROTEIN NITROGEN CONTENT OF RYEGRASS
N fertilization (kg N/ha) SE
Harvest date 0 112 224 3 36
% of DM
Jan. 27 0.27 0.29 0.35 0.46 0.026
Feb. 22 0.21 0.27 0.45 0.57 0. 039
March 1 0.38 0.45 0.56 0.58 0. 035
March 15 0. 38 0.39 0.58 0.84 0.056
March 28 0.46 0.42 0.46 0.58 0. 021
April 13 0.34 0.26 0.28 0.29 0.020
April 2 6 0.50 0.50 0.47 0.53 0.038
May 10 0.31 0.45 0.30 0.31 0. 028
May 24 0.42 0.43 0.48 0.52 0. 019
Mean 0. 37a 0. 39a 0.44b 0. 50c 0.011
Mean1 0. 40a 0.4 lab 0. 45b 0. 52c 0. 012
SE 0. 024 0. 022 0.028 0. 041
---  % of total plant N
Jan. 27 15.3 14.3 14.2 15.8 0.73
Feb. 22 15.0 14.6 17.1 19. 3 1.12
March 1 19.5 21.5 21.6 19.5 1.39
March 15 17.5 13.4 14 .4 18. 3 1.10
March 28 16.7 16. 3 15.2 17.6 0.87
April 13 16.8 13.6 13 .4 14.0 1. 08
April 26 15.8 16.2 15. 3 17.1 1.13
May 10 15.1 15.2 13.7 14.3 0.91
May 24 18.2 17.5 17.9 17.6 0.72
Mean 17.1 16.5 16.5 17.1 0.39
Mean1 17.4 16.9 16.5 16.9 0.44
SE 1.12 0.95 0.85 0.86
abcMeans within a row having different superscripts differ
(P < .01).
'Means of data after staging harvest (Feb. 22).
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APPENDIX P
EFFECT OF HARVEST DATE AND DEFOLIATION INTERVAL ON NITROGEN





Jan. 27 3.42 3.42
Feb. 22 3.41 3.29 3.36
March 1 3.53 3.64 4.34 3 . 83y 0. 074
March 15 4.76 3.71 4.42
March 28 5.21 4.50 4 . 85
April 13 4.63 4.09 3.56 4 . 09z 0.059
April 26 4.38 4 . 04 4.21
May 10 3.92 3 .92
May 24 3.58 3.22 3.28 3 . 3 6X 0. 035
Mean4 4.29b 3 . 87a 3 .73a 0. 053
Mean5 3 . 91b 3 . 65a 3 .73a 0.041
SE 0. 082 0.061 0.130
abMeans within a row having different superscripts differ 
(P < .01).
xyzMeans within a column having different superscripts 
differ (P < .01).
1Linear effect (P < .01) and quadratic effect (P < .01). 
2Linear effect (P < .05) and quadratic effect (P < .01). 
3Extra-plots were added to permit 4-wk regrowth forage 
to be harvested on March 15 and April 13.
4Means of data after staging harvest (Feb. 22).
5Means of data obtained at March 1, April 13 and May 24.
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APPENDIX Q
EFFECT OF HARVEST DATE AND DEFOLIATION INTERVAL ON .2% NaOH





--- % of DM2 -----
Jan. 27 1.41 1.41
Feb. 22 1.43 1.26 1.35
March 1 1.57 1.58 1.72 1. 63y 0.119
March 15 2.18 1.66 2. 02
March 28 2.24 1.90 2.07
April 13 1.95 1.48 1.48 1. 64y 0. 085
April 26 1. 65 1.41 1.53
May 10 1. 63 1. 63
May 24 1.23 1.21 1.02 1.15x 0. 062
Mean4 1.78b 1.54a 1. 41a 0.060
Mean5 1.58 1.42 1.41 0. 061
SE 0.156 0.099 0. 127
---  % of total plant N3
Jan. 27 41.6 41.6
Feb. 22 41.8 38.4 40.1
March 1 44.6 43.6 39.7 42 . 6y 2 . 13
March 15 45.7 45.2 45.5
March 28 43.0 42.3 42.7
April 13 42.2 36.3 41.5 it* o o •< 1. 51
April 2 6 37.7 34 .9 36.3
May 10 41.8 41.8
May 24 34.5 37.7 31.2 34. 5X 1.72
Mean4 41.4 39.5 37.5 1. 51
Mean5 40.4 39.2 37.5 1.59
SE 3.62 2.28 3. 17
abMeans within a row having different superscripts differ (P < .05). 
xyMeans expressed on the same basis within a column having different 
superscripts differ (P < .01).
1Extra-plots were added to permit 4-wk regrowth forage to be harvested 
on March 15 and April 13.
2Linear (P < .001) and quadratic effect (P < .01) of defoliation 
interval on .2% NaOH SN content of ryegrass; Linear (P < .05) and 
quadratic (P < .001) effects of harvest date on .2% NaOH SN content of 
ryegrass.
3Linear (P < .001) and quadratic effect of harvest date on .2% NaOH SN 
content of ryegrass.
^Means of data after staging harvest (Feb. 22).
5Means of data obtained at March 1, April 13 and May 24.
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APPENDIX R
EFFECT OF HARVEST DATE AND DEFOLIATION INTERVAL ON 






---  % of DM2 ---
Jan. 27 0.93 0.93
Feb. 22 0.94 0.78 0.86
March 1 0. 87 0.87 1.11 0.95y 0. 042
March 15 1.49 1.00 1.25
March 28 1.58 1.11 1.35
April 13 1.43 0.95 0.91 1.10y 0. 108
April 26 1.20 0.90 1. 05
May 10 1.19 1.19
May 24 0.71 0.76 0.49 0. 65x 0. 066
Mean4 1. 21b 0. 93a IDCO•o 0. 060
Mean5 1. 00 0.86 0.84 0. 043
SE 0.121 0.096 0. 087
% of total plant N3
Jan. 27 27.4 27.4
Feb. 22 27.4 23.6 25.5
March 1 24.6 23.9 25.5 24.7y 0.74
March 15 31.3 27.2 29.8
March 28 30.2 24.8 27.5
April 13 31.0 23.3 25.5 26. 6y 2.21
April 26 27.4 22.2 24.8
May 10 30.5 30.5
May 24 19.8 23.7 15.1 19. 5X 2.03
Mean4 27.8 23.9 22.1 1.34
Mean5 25.1 23.6 22.0 1.12
SE 3 . 35 2.50 2.45
abMeans within a row having different superscripts differ (P < .01).
xyMeans expressed on the same basis within a column having different 
superscripts differ (P < .01).
1Extra—plots were added to permit 4—wk regrowth forage to be harvested 
on March 15 and April 13.
2Linear (P < .03) effect of defoliation intervals on TCA precipitable 
protein content; linear (P < .002) and quadratic (P < .001) effects of 
stage of growth on TCA precipitable protein content.
3Linear (P < .05) and quadratic effect (P < .01) effects of stage of 
growth on TCA precipitable protein content.
^Means of data after staging harvest (Feb. 22).
5Means of data obtained at March 1, April 13 and May 24.
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APPENDIX S
EFFECT OF HARVEST DATE AND DEFOLIATION INTERVAL ON .2%





°- r~i -F T-vn/r'o or L/lYl
Jan. 27 0.47 0.47
Feb. 22 0.50 0.48 0.49
March 1 0.71 0.72 0. 62 0. 68y 0 . 100
March 15 0.69 0. 67 0.68
March 28 0.67 0.79 0.73
April 13 0. 52 0.53 0.57 Xin•o 0. 024
April 26 0.45 0.51 0.48
May 10 0.44 0.44
May 24 0.52 0.45 0. 53 0. 50x 0 .  0 1 1
Mean3 0.57 0.61 0.57 0. 020
Mean4 0.58 0.57 0.57 0.036
SE 0. 036 0. 028 0. 078
----  % of total plant N
Jan. 27 14.2 14.2
Feb. 22 14.5 14.8 14.7
March 1 20.0 19.7 14.1 17. 9y 2.31
March 15 14.5 18.5 16.5
March 28 12.8 17.5 15.2
April 13 11.2 13.0 16.1 13. 4X 0.71
April 2 6 10.3 12.8 11. 6
May 10 11.3 11.3
May 24 14.7 14.0 16.1 14. 9^ 0.44
Mean3 13.5 15.7 15.4 0.58
Mean4 15.3 15. 6 15.4 1. 05
SE 1 . 12 1.13 1.87
xyMeans expressed on the same basis within a column having different 
superscripts differ (P < .01).
1Linear effect (P < .01).
2Extra-plots were added to permit 4-wk regrowth forage to be harvested 
on March 15 and April 13.
3Means of data after staging harvest (Feb. 22).
^Means of data obtained at March 1, April 13 and May 24.
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